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This study developed the lignocellulose refinery process with pretreatment using 
minimum amount of biocompatible ionic liquid (IL). Pretreatment of bagasse was 
performed using choline acetate (ChOAc), as biocompatible IL, at different ionic liquid 
biomass ratio (w/w). The IL/biomass ratios of 0–3 were used. To employ a small amount 
of viscous ChOAc to all of the bagasse powder, the ChOAc aqueous solution was first 
mixed with bagasse powder, and the suspension was heated, which pretreated the biomass 
along with evaporation of water.  
The experimental result of Chapter 1 of this dissertation showed that the minimum 
and sufficient IL/biomass ratio was found to be 1.5, which achieved cellulose and 
hemicellulose saccharification percentages of 95% and 93%, respectively, at low-loading 
(10 g/L) saccharification. Thus, the bagasse pretreated at the IL/biomass ratio of 1.5 was 
then applied to the following chapter. 
Further, in Chapter 2 we performed an experimental of the recovery and reuse of 
ChOAc during repeated cycles of ChOAc-assisted bagasse pretreatment at the minimum 
and sufficient IL/biomass ratio of 1.5 (w/w) only. The ChOAc recovery percentage was 
83% on average after 1–6 cycles of pretreatment. For pretreated bagasse obtained after 
2–6 cycles of pretreatment, the cellulose, and hemicellulose saccharification percentages 
were about 83 and 70% on average, respectively, which corresponded to glucose and 
xylose concentrations of 48 and 16 g/L, respectively. 
Moreover, Chapter 3 of this dissertation examined the co-fermentation efficiency 
of mixed sugars obtained from the saccharification of ChOAc IL-pretreated biomass with 
IL/biomass ratio of 1.5. The glucose and xylose concentrations were 56 g/L and 14 g/L, 
after 72 h of enzymatic saccharification at high-loading, which corresponded to cellulose 
and hemicellulose saccharification percentages of 95% and 65%, respectively. In the 
subsequent co-fermentation from a mixed sugar solution containing 27 g/L glucose and 
7 g/L xylose, the ethanol concentration was 15 g/L at 24 h, which was 85% of the 
theoretical value for the sugar-based ethanol yield.  
Furthermore, we succeeded to convert enzymatic lignin residue into lignin 
nanoparticle as a value-added product (Chapter 4). To accomplish the proposed of this 
study, two types of enzymatic lignin residue (IL-assisted pretreatment and diluted sulfuric 
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acid-assisted pretreatment) were used. The hydroxyl group (OH) of IL-pretreated of 
lignin oligomer was higher than diluted sulfuric acid-assisted pretreatment, 5.89 mmol/g 
versus 4.97 mmol/g, respectively. The average of molecular weight of IL-assisted 
pretreatment of lignin oligomer was lower than diluted sulfuric acid-assisted pretreatment, 
8.88×103 versus 10.5×103, respectively. The average particle size of the lignin 
nanoparticle dispersion liquid of IL-assisted pretreatment was smaller than diluted 
sulfuric acid-assisted pretreatment, 186 nm versus 373 nm, respectively.  
This study effectively developed the lignocellulose refinery process with 
pretreatment using minimum amount of biocompatible ionic liquid (IL). Pretreatment at 
the minimum and sufficient IL/biomass ratio can contribute to reducing the costs of IL-








In the majority, the world’s energy need are covered by fossilized biomass namely 
fossil resources (Demirbas, 2009). Since it required millions of years to convert biomass 
to fossil fuel, these energy resources are not sustainable and renewable within the time-
scale of mankind can consume (Dunham, 1974). Moreover, the increasing demand 
consumption of fossil fuels caused the highly hazardous to the environment such as global 
CO2 emission (Hoekman, 2017; Kiran et al., 2014). Therefore, there is an attempt to 
investigate an alternative of the new sustainable sources of energy such as wind, 
hydrothermal, geothermal, solar, and biomass (De Wild et al., 2012; McKendry, 2002a, 
2002b, 2002c). Among those alternative sources for energy, biomass is one of particular 
interest due to their carbon neutral type of energy. Furthermore, the use of biomass for 
energy can offset fossil fuels CO2 emissions (Lin and Tanaka, 2006; Lynd, 1996). 
Outstanding advantages were offered by switching fossil fuels to biomass for 
energy. Not only to conquer the depletion of fossil fuel resources but also to reduce the 
emission of CO2. Compared to gasoline, sugarcane ethanol could save 80% of the 
emission of CO2 (Seabra and Macedo, 2014). In the traditional production of ethanol, 
starch and sugar are employed as feedstock. Bioethanol produced from these feedstocks 
are referred to as the first generation of ethanol. It has been considerable debate about the 
negative affect the human food supply chain by eliminating the food in favor of 
bioethanol production (Alvira et al., 2010). Therefore, to preclude the competition 
between food security and energy supply, recent bioethanol production relies on ethanol 
from the agricultural residues (non-edible portion). In the second generation of ethanol, 
glucose and/or xylose from complex hydrolysis of lignocellulose are used (Brandt et al., 
2013). Utilization of lignocellulosic biomass as feedstock in the bioethanol production 
will enhance energy security, sustainability, and improve air quality, as well as alleviate 




Lignocellulosic biomass has abundant potential renewable for energy and 
chemical material derivative production (Kaparaju et al., 2009; Seidl and Goulart, 2016). 
Some potential sources of lignocellulosic biomass that can be used to produce ethanol as 
biofuel include agricultural crop residues (such as straw/stalk, stover and bagasse), forest 
residue (woody biomass such as sawdust), agricultural dedicated energy crops (short-
rotation woody crops such as poplar, willow, switchgrass), municipal solid waste, animal 
wastes, waste from food processing, and aquatic plants and algae (Demirbas, 2009). 
Sugarcane bagasse, particularly, is one source of lignocellulosic biomass material that 
attracts attention in tropical countries. Bagasse, an agricultural residue, was obtained after 
extracting the juice from sugarcane in the sugar production process (Martín et al., 2007). 
In fact, lignocellulosic biomass contains three main polymeric compounds, 
namely, cellulose, hemicellulose, and lignin. The composition of the lignocellulosic 
biomass was examined by the distribution of the simple sugars that formed in the 
degradation of lignocellulosic biomass. The significant differences are found in the 
composition of softwoods, hardwoods, and grasses (crop residues and energy crops). 
Generally, lignocellulosic biomass is composed of 35-50% of cellulose, 25-30% of 
hemicellulose, and 10-25% of lignin (De Wild et al., 2012; Isikgor and Becer, 2015). 
Cellulose is the primary component part of lignocellulosic biomass. It can be 
hydrolyzed to be monomeric glucose for biofuels conversion. Cellulose is a linear 
polymer of glucose units that linked with β-(1,4)-glycosidic bonds. The most cellulose 
properties are known by the value of the degree of polymerization (DP). DP is defined as 
the number of glucose unit that generates one polymer molecule of cellulose. In general, 
DP of cellulose has a number up to 15000 glucose unit (Bodîrlǎu et al., 2007). The 
crystalline regions of cellulose were formed by intramolecular and intermolecular 
hydrogen bonding in the cellulose structure (Bhaumik and Dhepe, 2016). These 
crystalline regions hamper enzymes access during enzymatic saccharification.  
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Hemicellulose is the second component part of lignocellulosic biomass. Not only 
interacts with cellulose microfibrils by hydrogen bonding, but hemicellulose also binds 
to lignin by covalent bonds. Unlike cellulose, hemicellulose is heterogeneous 
polysaccharides that composed of a polymer of pentoses (xylose and arabinose), hexoses 
(glucose, galactose, and mannose) and sugar acids such as D-glucuronic acid, 4-Omethyl-
D-glucuronic acid and D-galacturonic acid (Isikgor and Becer, 2015). In general, DP of 
hemicellulose is around 200. Due to its amorphous and hydrophilic, hemicellulose can be 
easily depolymerized by many treatments strategy and enzymatic saccharification 
(Brandt et al., 2013).  
Lignin is the most complex polymer of lignocellulosic biomass. It has a highly 
irregularly branched polyphenolic polyether. Lignin consists of the primary monolignols, 
p-coumaryl alcohol, coniferyl alcohol and sinapyl alcohol, which are connected by 
aromatic and aliphatic ether bonds as well as non-aromatic C–C bonds (Harmsen et al., 
2010). Lignin serves to reinforce the structural stability of lignified plant tissues and 
enables the transport of water through the plant vascular system by increasing the 
hydrophobicity of the cellulose fiber. Moreover, lignin acts as plant protector against 
external aggressors such as weather, insects, and pathogens (Rubin, 2008).  
In addition to the three main components as mentioned above, some irrelevant 
compounds were found in the lignocellulosic biomass. Extractives and non-extractives 
were incorporated by these compounds. Agricultural residues contain 8% of extractives 
compound on dry weight bases such as waxes, fats, gums, starches, alkaloids, resins, 
tannins, essential oils, and many other cytoplasmic constituents. Some of extractives 
compounds are toxic, therefore lead resist attack by fungi and termites. On the side, the 
non-extractives such as inorganic compounds (silica, carbonates, oxalates, etc.) were 
found approximately 10% of the dry weight (Sluiter et al., 2005). 
In the lignocellulose refinery in order to get bioethanol as biofuel, there are three 
main processes: pretreatment, enzymatic saccharification, and fermentation. As 
mentioned above, due to cellulose crystalline and lignin structure, an effective 
pretreatment is required to break down the lignin structure and disrupt the crystalline 
structure of cellulose for enhancing enzymes accessibility during enzymatic 
saccharification (Datta et al., 2010; Li et al., 2013; Uppugundla et al., 2014). The 
countless of pretreatment technologies were conducted such as diluted acid or ammonia 
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(Li et al., 2011, 2010; Uppugundla et al., 2014), but ionic liquids (ILs)-assisted 
pretreatment has been gained attention in lignocellulosic refinery due to their powerful 
for dissolving lignocellulosic biomass materials (Hu et al., 2007; Ouellet et al., 2011).  
However, the high cost of IL relies on this pretreatment technology (Perez-Pimienta et al., 
2017). Therefore, the production of bioethanol from lignocellulosic biomass is lasting 
process and costly feasible. 
ILs are generally defined as organic salts, tailored by anions (inorganics) and 
cations (organics), which separate polymeric component (Anugwom et al., 2012). They 
have unique properties such as have a melting point below 100 ºC, green solvent, 
thermally stable and non-volatile, and an easy to be recycled. Some ILs can dissolve 
cellulose under mild condition (Swatloski et al., 2002). Moreover, ILs can also dissolve 
lignocellulosic biomass.  This type of IL-assisted pretreatment has been used on a range 
of lignocellulosic materials (Brandt et al., 2013; Kilpeläinen et al., 2007). The primary 
roles of ILs for different lignocellulosic biomass have been to fractionated lignin, disrupt 
the crystalline structure of cellulose, which promotes more efficient enzymatic 
saccharification (Dadi et al., 2006). The most ILs are commonly used for ILs-assisted 
pretreatment is imidazolium ILs particularly 1-ethyl-3-methylimidazolium acetate 
(EmimOAc) (Fu and Mazza, 2011; Qiu et al., 2012).  
However, these imidazolium ILs are quite expensive. And the other hand, 
imidazolium ILs inhibit cellulolytic enzymes (e.g., cellulose) and are toxic to the 
fermentative microorganisms (e.g., yeast) needed for the subsequent steps of 
saccharification and fermentation event in the small concentrations (Datta et al., 2010; 
Ouellet et al., 2011). It was worth noting that the inhibitory effects are considered if high 
solid loading of the IL-pretreated biomass is applied for subsequent saccharification and 
fermentation. Thus, the required washing of the pretreated biomass produces large 
amounts of wastewater, and treatment of the wastewater leads to high costs (Ninomiya et 
al., 2013b, 2013c, 2015d, 2015a).   
7 
 
A new generation-ILs has been synthesized by combining cholinium cations with 
amino acid-based anions (Hu et al., 2007), or carboxylic acid-based anions (Fukaya et al., 
2007). These completely bio-derived cholinium ILs are more biocompatible (Petkovic et 
al., 2009) than traditional ILs, and are less expensive due to the lower costs of the cation 
starting material (Plechkova and Seddon, 2008). Some studies have reported that 
cholinium ILs can be used to pretreat lignocellulosic biomass in order to enhance the 
subsequent enzymatic saccharification (Liu et al., 2012; Ninomiya et al., 2013a, 2013b, 
2013c, 2014, 2015a, 2015b, 2015d). We have previously demonstrated a comparison 
between two kinds of ILs, i.e., choline acetate (ChOAc), a cholinium IL, and EmimOAc, 
a traditional IL.  The first comparison is pretreatment ability. It has displayed that ChOAc 
has pretreatment ability the same as EmimOAc. The second comparison is 
biocompatibility. It was shown that ChOAc has fewer inhibitory effects on enzymes and 
microorganisms than EmimOAc (Ninomiya et al., 2015b, 2015c, 2015d, 2013b, 2013c).  
 
Research objectives  
Recently, the Ph.D. the research program has facilitated the needs of the industry 
regarding knowledge, development, and application of lignocellulosic biomass refinery 
in order to commercialize bio-ethanol production as biofuel. In lignocellulosic biomass 
refinery, there are four main processes such as pretreatment, enzymatic saccharification, 
fermentation, and lignin utilization. Among these processes, pretreatment is the most 
important process. This is because lignocellulosic biomass does not provide 
monosaccharides ready to be fermented directly. The monosaccharides of lignocellulose 
biomass are still in the bonded form of three main chemical components: cellulose, 
hemicellulose, and lignin. Among the technology of pretreatment developed, IL-assisted 
pretreatment is powerful. Because IL is able to disrupt the chemical structure of 
lignocellulosic biomass especially cellulose and hemicellulose so that glucose/xylose is 
available for enzymatic saccharification and co-fermentation.  
However, the relatively high IL price is a constraint in the pretreatment process. 
In addition, although the residual IL (imidazolium) left in pretreated biomass is small, it 
interferes with enzyme performance in enzymatic saccharification processes and 
microorganisms in the fermentation process. This is then known as the toxicity factor of 
IL. This effect toxicity IL can be clearly observed during high-loading solid of IL-assisted 
8 
 
pretreatment applied to saccharification and co-fermentation. To eliminate the effects of 
IL toxicity remain in the pretreated biomass, a washing process is required. The washing 
process of pretreated biomass will result in large amount of diluted aqueous IL. Diluted 
aqueous IL treatment process in the form of IL recovery through evaporation, and 
wastewater treatment leads to increased cost operation in the lignocellulosic refinery.  
Therefore, to reduce price effect of IL and toxicity effect of IL, the  main 
objectives of this research are followed. First, throughout the research, we used ChOAc 
as a biocompatible IL in the completely of lignocellulosic refinery process without any 
residue and waste such as wastewater. Second, the investigation of the minimum amount 
of dose ChOAc-IL into bagasse loading namely IL/biomass ratio on the pretreated 
bagasse with ChOAc-assisted pretreatment. Furthermore, in the research work presented 
in this dissertation, the specific objectives have been described in the four main process 
steps as follows: (1) Biomass pretreatment using minimum sufficient amount of 
biocompatible ionic liquid, (2) Recovery and reuse of ionic liquid for biomass 
pretreatment using minimum sufficient amount of biocompatible ionic liquid, (3) 
Saccharification and ethanol fermentation  from biomass pretreated using minimum 
sufficient amount of biocompatible ionic liquid, and (4) Nanoparticle fabrication from 
biorefinery lignin obtained after biomass pretreatment using minimum sufficient amount 
of biocompatible ionic liquid. It was described clearly in an Outline of Thesis 1in the 


































































































































































































































































































































































































































Organization of dissertation 
This dissertation includes a general introduction, four chapters of research, and a 
general conclusion as well as cited references. Introduction and references to articles are 




The background of this dissertation generally was introduced. This chapter 
contains fossil resources, lignocellulosic biomass refinery, ionic liquids (ILs), traditional 
ILs_EmimOAc, cholinium ILs_ChOAc (Choline acetate), research objectives, 
organization of dissertation, and references. The main objectives of the research are 
clearly described. There are four chapters as the specific objectives, i.e., (1) Biomass 
pretreatment using minimum sufficient amount of biocompatible ionic liquid, (2) 
Recovery and reuse of ionic liquid for biomass pretreatment using minimum sufficient 
amount of biocompatible ionic liquid, (3) Saccharification and ethanol fermentation  from 
biomass pretreated using minimum sufficient amount of biocompatible ionic liquid, and 
(4) Nanoparticle fabrication from biorefinery lignin obtained after biomass pretreatment 
using minimum sufficient amount of biocompatible ionic liquid. 
 
Chapter 1 – Biomass pretreatment using minimum sufficient amount of biocompatible 
ionic liquid 
This chapter contains a part of an article titled “Pretreatment of bagasse with a 
minimum amount of cholinium ionic liquid for subsequent saccharification at high 
loading and co-fermentation for ethanol production” published in the Chemical 
Engineering Journal (Ninomiya et al., 2018). This report investigated the minimum and 
sufficient pretreatment of biomass with cholinium ILs at high-loading into the IL (i.e., 
pretreatment at a low IL/biomass ratio for ChOAc-assisted pretreatment of bagasse 
powder). Experimental and analysis method were described. Then, the effect of 
IL/biomass ratio was evaluated. At the end of this chapter, we determined the minimum 
and sufficient of IL/biomass ratio for the subsequent saccharification and fermentation. 




Chapter 2 – Recovery and reuse of ionic liquid for biomass pretreatment using minimum 
sufficient amount of biocompatible ionic liquid 
This chapter demonstrated the recovery and reuse of choline acetate (ChOAc), 
during multiple cycles of bagasse pretreatment using a minimum amount of IL. Taking 
our previous findings (Chapter 1) as a starting point, we performed the same pretreatment 
method and applied IL/biomass ratio 1.5 only. The primary difference between this study 
and the previous study is the recovery and reuse of IL during the repeated cycles of IL-
assisted biomass pretreatment). Experimental and analysis method were described. 
Finally, we determined the rate-limiting recovery percentages of ChOAc for next cycle 
during repeated cycle of ChOAc IL-assisted pretreatment of bagasse.  
 
Chapter 3 – Saccharification and ethanol fermentation  from biomass pretreated using  
minimum sufficient amount of biocompatible ionic liquid 
A part of chapter 3 includes an article entitled “Pretreatment of bagasse with a 
minimum amount of cholinium ionic liquid for subsequent saccharification at high 
loading and co-fermentation for ethanol production” published in the Chemical 
Engineering Journal  (Ninomiya et al., 2018). The paper examined the co-fermentation 
efficiency of mixed sugars obtained from the saccharification of ChOAc IL-pretreated 
biomass with IL/biomass ratio of 1.5. They were then subjected to enzymatic 
saccharification using Ctec2 for 72 h, followed by ethanol fermentation using the xylose 
assimilating recombinant yeast Saccharomyces cerevisiae YPH499XU for another 48 h. 
Experimental and analysis method were described. Factors, such as comparison ChOAc 
and EmimOAc from the viewpoint of the inhibitory effects on cellulase and yeast, are 
also explained.  
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Chapter 4 – Nanoparticle fabrication from biorefinery lignin obtained after biomass 
pretreatment using minimum sufficient amount of biocompatible ionic liquid 
This chapter aims to analyze the enzymatic lignin residue obtained after 
pretreatment to convert into a value-added product, i.e., lignin nanoparticle. Experimental 
and analysis method were described.  
 
General Conclusion 
The general conclusions are detailed as the primary result of each chapter based 
on the experiments and analysis conducted in this research. Then, the future prospects 
were suggested for further investigation based on the reducing of the capital cost of IL-
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Chapter 1  
Biomass pretreatment using  
minimum sufficient amount of biocompatible ionic liquid 
 
1.1 Introduction 
1.1.1 Pretreatment of lignocellulosic biomass  
Nowadays, the most significant biomass-derived chemicals are biofuels and 
platform chemicals, which are converted into value-added products (Adsul et al., 2011). 
In fact, all biofuels and commodity chemicals are based on edible components of food 
crops, such as sucrose, starch, and vegetable oils. For instance, biodiesel and ethanol can 
be made from vegetable oil sugars via fermentation, respectively. The fermentation of 
carbohydrates to ethanol is known as traditional technology. Sucrose and starch as 
feedstocks can be fermented by microorganisms in the simple process (Brandt et al., 
2013). Therefore, it is known as the first-generation of ethanol. 
Recently, bioethanol as biofuel can be obtained from lignocellulosic biomass such 
as agricultural or forestry residue due to their naturally high carbohydrate contains (Perez-
Pimienta et al., 2017). Bioethanol from lignocellulosic biomass, namely the second-
generation of ethanol, does not compete with food sources and can achieve high sugar 
production compared to first-generation of bioethanol production (Wu et al., 2011). In 
addition, an abundant of lignocellulosic biomass appears to have suitable conditions for 
large-manufacturer of energy and platform chemical. 
However, with respect to saccharification, the composition of lignocellulosic 
biomass makes it resistant with biodegradation. Lignocellulose is a component of plant 
cell walls that is composed mainly of cellulose, hemicellulose, and lignin. Cellulose is a 
linear polymer comprising β(1-4)-linked-glucose units. Hydroxyl groups present in 
cellulose are involved in intermolecular and intramolecular hydrogen bonding, resulting 
in an ordered, crystalline structure. Hemicellulose is relatively amorphous and can be 
hydrolyzed to yield fermentable sugars. Lignin is a highly branched aromatic polymer 
that binds to hemicellulose with covalent cross-linkages, tightly embedding the cellulose 
fibers. These crystalline, rigid structures of cellulose and lignin prevent hydrolytic 
enzymes from accessing polysaccharides (Alvira et al., 2010).  
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As mentioned above, in order to utilize lignocellulosic biomass into bioethanol 
production, the pretreatment process has to be employed prior to enzymatic 
saccharification process, due to cellulose crystalline and lignin structure (Hendriks and 
Zeeman, 2009; Rocha et al., 2012). Therefore, the primary objective of pretreatment 
process is to remove lignin structure and interrupt of the crystalline structure of cellulose 
for improving enzyme accessibility to cellulose in the enzymatic saccharification. In 
addition, the pretreatment process is to prepare carbohydrate (cellulose particularly) 
easily to be enzymatically digested into fermentable sugars and to provide high sugar 
concentrations for fermentation process by using microorganism (Harmsen et al., 2010; 
Jørgensen et al., 2007; Perez-Pimienta et al., 2017). Figure 1.1 shows the simple 
illustration of the effect of pretreatment process on the lignocellulosic biomass. 
Currently, pretreatment process is turned on identifying, evaluating, developing 
and demonstrating promising approaches that primarily support the subsequent enzymatic 
hydrolysis of the treated biomass with more reduce of enzyme concentration and more 
efficient bioconversion period (Alvira et al., 2010). In the recent time, a survey literature 
shows that various pretreatment have been developed. Generally, pretreatment was 
classified into physical pretreatment (da Silva et al., 2010), chemical pretreatment (Binder 
and Raines, 2010; Kim and Holtzapple, 2005; Li et al., 2008), physicochemical 
pretreatment (Kaar et al., 1998; Krishnan et al., 2010; Lau et al., 2010), hot water 
pretreatment (Weil et al., 1997; Zeng et al., 2007), and biological pretreatment (da Costa 
Sousa et al., 2009; Keller et al., 2003), and others are reviewed widely elsewhere (Mora-




































































































































































































It worth noting that pretreatment process is the most costly process. In the ideal 
pretreatment case, not only to improve the yield of platform chemicals and enzymatic 
saccharification of lignocellulosic biomass but also to achieve the effective cost. Among 
these pretreatment techniques, steam explosion and dilute sulfuric acid pretreatment are 
practical and effective methods of disrupting the hydrogen bonds in the crystalline 
cellulose and the covalent cross-linkages in lignin. However, high temperature and 
pressure are needed for these pretreatments, which results in the formation of 
polysaccharide degradation products, lowering the overall sugar yields and inhibiting 
microbes during fermentation (Ninomiya et al., 2012). Furthermore, these pretreatment 
techniques lead to high cost. 
Latterly, the application of ionic liquid (IL) on pretreatment lignocellulosic 
biomass is the most promising technology. After the first achievement that cellulose was 
dissolved in IL (Swatloski et al., 2002), it was reported that cellulose is re-precipitated 
after being dissolved in IL resulted in decreasing crystallinity which promoted the higher 
enzymatic saccharification (Dadi et al., 2006). Furthermore, IL could dissolve 
lignocellulosic biomass (Fort et al., 2007). Moreover, IL-assisted pretreatment became 
applied in the study on lignocellulosic biomass feedstock such as spruce wood, pine wood, 
maple wood, wheat straw and switch-grass (Arora et al., 2010; Fu et al., 2010; Kilpeläinen 
et al., 2007; Lee et al., 2009; B. Li et al., 2010; C. Li et al., 2010; Li et al., 2009; Nguyen 
et al., 2010; Pezoa et al., 2010; Shill et al., 2011; Zhao et al., 2009).  
 
1.1.2 Biocompatible Ionic Liquid (IL) 
However, IL is currently far from being employed for lignocellulosic pretreatment 
due to their high cost, especially that containing imidazolium cations. In addition, a small 
amount of IL is toxicity to enzymes and fermentative microorganisms (Datta et al., 2010; 
Ouellet et al., 2011). Therefore, it could promote the inactive enzyme and inhibit the 
growth of yeast event at a concentration of 10 mM, which corresponds to nearly 0.2% 
(Boethling et al., 2007). A clear understanding of these inhibitory if of high-solid loading 
of IL-pretreated biomass is conducted to the saccharification and fermentation processes. 
Thus, to wash out the residual IL at the pretreated bagasse, a large amount of diluted 
aqueous IL was produced. Unfortunately, this wastewater treatment leads to the high costs 
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operational. In addition, the imidazolium cations are not biodegradable (Boethling et al., 
2007) hence, they are toxic to organisms in the environment (Frade and Afonso, 2010).  
To overwhelm the low-cost, cytotoxic, environmental issue, and energy concerns 
of conventional imidazolium IL, a new generation of IL namely cholinium IL has recently 
developed. Cholinium IL contains ions synthesized from naturally occurring bases (e.g., 
choline) (Hu et al., 2007) and acids (e.g., amino acids and carboxylic acids) (Fukaya et 
al., 2007). Cholinium IL is more biocompatible than the traditional IL (Petkovic et al., 
2009) and less expensive due to the lower cost of the cation starting material (Plechkova 
and Seddon, 2008). It has been reported that cholinium IL has pretreatment capability the 
same as traditional IL which enhances enzymatic saccharification of lignocellulosic 
biomass (Liu et al., 2012; Ninomiya et al., 2015a, 2015b, 2015c, 2015d, 2014, 2013a, 
2013b, 2013c).  
Herein, we have investigated whether pretreatment with [Ch][CA] ILs could 
enhance the subsequent enzymatic hydrolysis of lignocellulosic materials. The six types 
of cholinium ILs were (choline formate ([Ch][For]), choline acetate ([Ch][OAc]), choline 
propionate ([Ch][Pro]), choline oxalate ([Ch][Oxa]), choline malonate [Ch][Mal]), and 
choline succinate ([Ch][Suc]) (Ninomiya et al., 2013c). As a result, choline acetate 
(ChOAc), shows an almost equal pretreatment ability, with fewer inhibitory effects on 
enzymes and microorganisms than 1-ethyl-3-methylimidazolium acetate (EmimOAc), 
which is conventionally used for lignocellulose pretreatment (Ninomiya et al., 2015b, 
2015c, 2015d, 2013b, 2013c).  
A perusal of the literature shows that there are a few studies reporting 
pretreatment of biomass with imidazolium ILs at high-loading into the IL (i.e., 
pretreatment at a low IL/biomass ratio) (Cruz et al., 2013; da Silva et al., 2013; Li et al., 
2017; Ninomiya et al., 2013b; Wu et al., 2011). However, to the best of our knowledge, 
no study has reported the minimum and sufficient IL/biomass ratio for cholinium IL-
assisted pretreatment of lignocellulosic biomass. Therefore, in this chapter, we investigate 
the amount and sufficient of the IL/biomass ratio on choline acetate (ChOAc)-assisted 
pretreatment of bagasse powder, where ChOAc is used as the biocompatible cholinium 
IL. We evaluate the morphology, crystallinity, and enzyme accessibility of bagasse 
pretreated at different IL/biomass ratios of 0–3 and determine the minimum and sufficient 
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IL/biomass ratio for ChOAc-assisted pretreatment of bagasse powder prior to enzymatic 































































































































































































































































































































































































1.2 Materials and Methods 
1.2.1 Materials and experimental condition 
Bagasse powder (approximately 3 mm) was purchased from the Toyota Motor 
Corporation (Miyoshi, Japan), as lignocellulosic biomass material. It was ground by using 
a mill and sieved to acquire a powder of 250–500 µm.  
Choline acetate (ChOAc) was prepared by one-pot neutralization method with 
minor modifications (Yu et al., 2008). An equimolar amount of acetic acid was added 
dropwise to a choline hydroxide solution (45 wt%) in methanol (Sigma–Aldrich) with 
cooling. The mixture was then stirred at room temperature for 6 h. Water and methanol 
were removed in vacuo using a rotary evaporator at 40 ºC for 1 h and then 90 ºC for 2 h, 
respectively. The resultant residue was dried under a vacuum at room temperature for 16 
h. The water content for ChOAc was measured below 0.5 wt% by Karl-Fischer titration 
(AQ-2200, Hiranuma Sangyo Co., Ltd, Mito, Japan).  
The cellulase Cellic® CTec2 consists a complex blend of hemicellulose, cellulase, 
and β-glucosidase (batch number VCNI 0008, 106 filter paper units (FPU) per milliliter), 
was purchased from Novozymes Japan Ltd (Chiba, Japan). The determination of FPU of 
the cellulase was analyzed by NREL method (Adney and Nrel, 2008). The rest of other 
chemicals were from commercial sources and of reagent grade. 
 
1.2.2 Pretreatment of bagasse powder using ChOAc aqueous solution 
Figure 1.3 shows a detailed process flow diagram for pretreatment of bagasse 
using ChOAc aqueous solution. Firstly, the ChOAc aqueous solution was first mixed with 
bagasse powder and the suspension in order to apply a small amount of ChOAc to all of 
the bagasse powder. The suspension was then heated to pretreated the biomass along with 
water evaporation. For pretreatment of bagasse by ChOAc aqueous solution associated 
with water evaporation, IL/biomass ratios were 0–3. Concretely, 10 g-dry weight of 
untreated bagasse was mixed with 500 mL ChOAc aqueous solution containing 0–60 g/L 
of ChOAc. The pretreated bagasse/ChOAc aqueous mixture was positioned in an open-
topped stainless steel tray (30cm x 20 cm x 5 cm). The tray was heated in a dry oven at 
110°C for 21 h; the first 5 h was to evaporate water, and the next 16 h was to impregnate 



























































































































































































































































































































































































































1.2.3 Solid-liquid separation procedure 
Figure 1.4 shows the solid-liquid separation procedure. The next process after 
heating for another 16 h is the bagasse pretreated with ChOAc was suspended in 500mL 
of deionized water. After mixing, the suspension was centrifuged at 8000×g for 20 min 
at 25 °C. The resultant pellet was further compressed by a squeezer (SHiBORO2, Ishino 
Seisaku Sho, Yamaguchi, Japan) to remove the ChOAc aqueous solution from the 
biomass. Both the semi-wet pretreated bagasse powder and the ChOAc aqueous solution 
were obtained. The recovered bagasse powder was dried in an oven at 90 °C for 24 h, and 
pulverized into a powder using a mill. The ChOAc aqueous solution recovered after 
pretreatment will be used in the multiple cycles of pretreatment. The detailed procedure 









































































































































































































































































































1.2.4 The analysis method of solid and liquid sample  
Compositional analysis of the untreated bagasse and pretreated bagasse recovered 
were undertaken according to the NREL method (Sluiter et al., 2012). Briefly, 0.3 g of 
bagasse powder was mixed with 3 mL of a 72% (w/w) H2SO4 aqueous solution at room 
temperature for 1 h. The mixture was then transferred to a 200-mL Erlenmeyer flask, 
diluted with 84 mL of water, and autoclaved at 121 ºC for 1 h. The dilute-acid hydrolysate 
was then filtered, following which the amount of acid-insoluble lignin was determined by 
gravimetrically measuring the residue on the filter after drying at 100 ºC for overnight. 
The amount of acid-soluble lignin was determined by UV absorbance of the filtrate at 240 
nm and the absorption coefficient of 110 L g−1 cm−1. The sum of both acid-insoluble and 
acid-soluble lignin was regarded as lignin. 
Scanning electron microscopy (SEM) of bagasse powder was taken in the manner 
as described previously (Ninomiya et al., 2012). For scanning electron microscopy (SEM), 
the sample was prepared by the following procedure. The bagasse powder was fixed in 
2% glutaraldehyde in 0.1M phosphate buffer (pH = 7.2) for 12 h at 4 ºC. The sample was 
then washed three times with phosphate buffer, after which it was fixed in 2% osmium 
tetroxide in phosphate buffer for 1 h at room temperature. The sample was subsequently 
dehydrated in ethanol solution at increasing concentrations (50%, 70%, 80%, 90%, 95% 
and 100%) for 10 min at each step at ambient temperature. The sample was then infiltrated 
with t-butyl alcohol, after which it was freeze-dried. The freeze-dried sample was then 
sputter-coated with gold to make the lignocellulose conductive. An electron micrograph 
was taken using an SEM instrument (S-4500, Hitachi, Tokyo, Japan) operated at an 
accelerating voltage of 20 kV.  
Specific surface area (SSA) of bagasse powder was carried out from nitrogen gas 
absorption-desorption isotherms obtained at 196 °C using BELSORP-max-N-VP 
(MicrotracBEL Corp., Osaka, Japan). Before the measurement, all of the samples were 
degassed at 350 ºC for 4 h. The BET surface area, average pore size and pore volume of 




Powder X-ray diffractometry (XRD) of bagasse powder was determined in the 
manner as described previously (Ninomiya et al., 2012) and the crystallinity index (CrI) 
was then calculated in line with the peak-height from the powder XRD data (Segal et al., 
1959). For powder X-ray diffractometry (PXRD), the bagasse sample was scanned using 
a horizontal X-ray diffractometer equipped with Cu Ka radiation (Ultima IV, Rigaku 
Corporation, Tokyo, Japan) over the 2h range of 5–40º with a scan step of 0.05º. The 
acceleration voltage and current were 40 kV and 30 mA, respectively. The background 
intensity without bagasse powder was subtracted from the sample intensity. The 
crystallinity index (CrI) was calculated from the XRD data according to the peak height 





𝑥100          (1.1) 
      
where  I002 was the maximum intensity of the (002) lattice diffraction,  Iam was and the 
minimum intensity between the (101) and (002) lattice planes. 
The saccharification assay at low biomass loading (10 g/L) was performed in a 
30-mL glass vial at a controlled temperature of 50°C (Eyela, Incubator FMS, Japan). The 
glass vial was shaken by using a rotary shaker at 130 rpm. Precisely 0.05 g of bagasse 
powder was mixed with 5 mL of CTec2 cellulase solution (10 FPU/g of dry bagasse) in 
50 mM phosphate buffer (pH 5.0). Samples were collected at known time intervals after 
the start of the reaction and then heated at 90°C for 5 min to de-activate the enzyme. After 
centrifugation of the heated samples at 21,500×g for 1 min, the supernatant was analyzed 
for glucose and xylose. Glucose and xylose concentrations were determined by high 




1.3 Results and Discussion 
1.3.1 The recovery percentage of pretreated bagasse  
As pretreatment for enzymatic saccharification, bagasse powder was dissolved in 
ChOAc, following which it was recovered as a precipitate by adding water (see Figure 
1.3). The recovery percentage of bagasse pretreated was almost 80% irrespective of the 
IL/biomass ratio tested. These results can be shown in Figure 1.5. These results indicate 
that nearly 20% loss of bagasse powder is inevitable and intrinsic to the ChOAc-assisted 















































Figure 1.5 The recovery percentage of pretreated bagasse with ChOAc at the 
IL/biomass ratio tested.The bagasse was pretreated at different IL/biomass 




1.3.2 The composition of pretreated bagasse 
The composition of bagasse pretreated at different IL/biomass ratios was 
displayed in Figure 1.6. The cellulose, hemicellulose, and lignin contents were 
approximately 40%, 20%, and 30%, respectively, irrespective of the IL/biomass ratio 
tested. As mentioned above, nearly 20% of bagasse powder is lost due to the ChOAc-
assisted pretreatment and washing steps. Even though, the specific macromolecules of 













































0.2 0.5 1 1.5 30
Figure 1.6 The content of cellulose (bottom of stacked bar), hemicellulose 
(middle of stacked bar), lignin (top of stacked bar) in bagasse pretreated with 
ChOAc at different IL/biomass ratios. The error bars indicate the standard 
deviation from three independent experiments. 
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1.3.3 The morphology of pretreated bagasse  
Figure 1.7 depicts the morphology of pretreated bagasse. With respect to the 
apparent morphology, there was almost no difference in appearance between the bagasse 
pretreated at an IL/ biomass ratio of 0–3, irrespective of the visibility of the morphology.  
 
 
      
  
  
Figure 1.7 The morphology of pretreated bagasse with ChOAc at the IL/biomass ratio tested. The bagasse 







Furthermore, Figure 1.8 shows the SEM images of bagasse pretreated at different 
IL/biomass ratios. For the IL/biomass ratios of 0–0.2, biomass surface was smooth. In 






Figure 1.8 The SEM images of pretreated bagasse with ChOAc at the IL/biomass ratio tested. The bagasse 










1.3.4 The specific surface area (SSA) of pretreated bagasse 
The SSA for bagasse pretreated at different IL/biomass ratios was shown in 
Figure 1.9. The SSA value was approximately 1m2/g for control bagasse at an IL/biomass 
ratio of 0, and the value increased along with increases in the IL/biomass ratio, reaching 
5.6m2/g at an IL/biomass ratio of 3. These results indicate that ChOAc-assisted 
pretreatment at higher IL/biomass ratios had a more significant effect on the 





















































Figure 1.9  The SSA of pretreated bagasse with ChOAc at the IL/biomass ratio 
tested. The bagasse was pretreated at different IL/biomass ratios of 0 (A), 0.2 
(B), 0.5 (C), 1 (D), 1.5 (E), and 3 (F). 
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1.3.5 The XRD spectra of pretreated bagasse 
The XRD analysis was conducted to examine the crystallinity of cellulose in 
bamboo powder pretreated with different IL/biomass ratios. Figure 1.10 shows the XRD 
spectra of bagasse pretreated at different IL/biomass ratios.  In all pretreated bagasse, two 
peaks were observed at 2h of approximately 16.5º and 22.5º corresponding to the (101) 
















































Figure 1.10 The XRD spectra of pretreated bagasse with ChOAc at the 
IL/biomass ratio tested. The bagasse was pretreated at different 
IL/biomass ratios of 0 (A), 0.2 (B), 0.5 (C), 1 (D), 1.5 (E), and 3 (F). 
38 
 
1.3.6 The crystallinity index (CrI) of pretreated bagasse 
The crystallinity index (CrI) value of pretreated bagasse was calculated by using 
equation (1.1). The CrI of bagasse pretreated at different IL/biomass ratios was displayed 
in Figure 1.11. The graph saw that the CrI value stayed constant at around 50% within 
the IL/ biomass ratio range of 0–1.5. Even though, the CrI value decreased to less than 
40% at an IL/ biomass ratio of 3.  
Generally, the CrI of lignocellulose was lower than that of pure crystalline 
cellulose because of the presence of amorphous hemicellulose and lignin. It suggests that 
the reduction of cellulose crystallinity might proceed to some extent even below the 
IL/biomass ratio of 1.5 but it is undetectable due to the noise derived from amorphous 












































Figure 1.11  The CrI of pretreated bagasse with ChOAc at the IL/biomass 
ratio tested. The bagasse was pretreated at different IL/biomass ratios of 0 
(A), 0.2 (B), 0.5 (C), 1 (D), 1.5 (E), and 3 (F). 
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1.3.7 The enzyme accessibility of pretreated bagasse 
Figure 1.12 shows the cellulose and hemicellulose saccharification percentages 
for bagasse pretreated at different IL/biomass ratios. For both cellulose and hemicellulose, 
the saccharification percentage was about 10% at the IL/biomass ratio of 0, and the values 
linearly increased along with the increasing IL/biomass ratios, reaching almost 100% at 
an IL/biomass ratio of 1.5 or more. Cellulose and hemicellulose saccharification 
percentages at an IL/biomass ratio of 1.5 were 95% and 93%, respectively.  
These results indicate that pretreatment at an IL/ biomass ratio of 1.5 was 
minimum and sufficient to alter the lignocellulose structure of the bagasse to allow 
enzyme access to the polysaccharides. As indicated in Figure 1.9, SSA values and 
saccharification percentages show similar changes along with the IL/biomass ratio, 
meaning that SSA based on gas absorption may be a better parameter to determine 
enzyme accessibility for lignocellulosic materials, rather than CrI values. 
The reason as to why an IL/biomass ratio of 1.5 was the minimum value sufficient 
for pretreatment can be discussed from a stoichiometric point of view (Ninomiya et al., 
2013b; Wu et al., 2011). Anions in ILs act as hydrogen bond acceptors that interact with 
the hydroxyl groups of cellulose, thereby weakening hydrogen bonds and disrupting the 
crystalline structure of cellulose (Remsing et al., 2006). Based on the chemical structure 
of crystalline cellulose, the maximum number of hydrogen bonds per repeating glucose 
unit in cellulose is 6. Therefore, 6 mol of IL per glucose unit are stoichiometrically 
required for sufficient pretreatment of crystalline cellulose. Here, the IL/biomass ratio 
(g/g) can be converted into an IL/glucose ratio in cellulose (mol/ mol) by using the 
cellulose content in the biomass and the molecular mass of ChOAc. The IL/biomass ratio 
of 1.5 (g/g) was converted to an IL/glucose ratio in cellulose of 3.7 mol/mol, which was 
a little lower than the above-mentioned IL/glucose ratio in cellulose of 6 mol/mol. This 
indicates that the results obtained in this study were reasonable and that complete 
intervention by disruption at all hydrogen bonds might not necessarily be needed for 
complete enzymatic saccharification.  
The present study revealed that an IL/biomass ratio of 1.5 was the minimal and 
sufficient IL for ChOAc-assisted pretreatment (110 °C for 16 h), which achieved almost 
100% saccharification of cellulose and hemicellulose in bagasse powder (250–500 μm), 
using Ctec2 cellulase (10 FPU/g-biomass). The minimum IL/biomass ratio we obtained 
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might not be universal, and may need to be adjusted depending on different factors, such 
as the kind of biomass. Softwood biomass (e.g., Cedar, Pine, etc.) and hardwood biomass 
(e.g., Eucalyptus, Birch, etc.) have a higher degree of recalcitrance than herbaceous 
biomass, like the bagasse used in this study (Li et al., 2013). Thus, further testing will be 
needed to determine the minimum IL/biomass ratio in ChOAc-assisted pretreatment of 






















































Figure 1.12  The saccharification percentage at low-loading (10 g/L) for 
bagasse pretreated with ChOAc at different IL/biomass ratios. The error bars 




It is concluded that ChOAC (Choline acetate), a biocompatible IL, contributed 
significant effect to the pretreatment of bagasse powder within an IL/biomass ratio range 
of 0-3. The summaries of the impact are as follows. The recovery percentages of all 
pretreated bagasse were almost 80%. The composition of all pretreated bagasse is 
practically similar. The SEM image displayed that the surface of biomass became rougher 
at IL/biomass ratios of 0.5–3, mainly. The specific surface area (SSA) result depicted 
linearly increasing in line with IL/biomass ratio. The crystallinity index (CrI) of all 
pretreated bagasse keep constant except at an IL/biomass ratio of 3. The cellulose and 
hemicellulose saccharification percentages were 95% and 93%, respectively, at low-
loading (10 g/L) saccharification. Furthermore, the minimum and sufficient IL/biomass 
ratio for cholinium IL-assisted pretreatment of bagasse powder was 1.5 for subsequent 
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Recovery and reuse of ionic liquid  
for biomass pretreatment using  
minimum sufficient amount of biocompatible ionic liquid 
 
2.1 Introduction 
Recently, ionic liquids (ILs) have been attracting attention in the lignocellulose 
refinery process. ILs showed the unique properties such as thermal stability, low volatility, 
excellent recyclability, and as green solvents. ILs could dissolve cellulose (Swatloski et 
al., 2002). As a result, the crystallinity significantly decreases, thereby improving the 
efficiency of enzymatic saccharification (Dadi et al., 2006). To date, IL-assisted 
pretreatment has been applied into lignocellulosic biomass (Brandt et al., 2013; 
Kilpeläinen et al., 2007). In addition, compared with traditional pretreatment methods, 
such as dilute acid pretreatment and ammonia, IL-assisted pretreatment is more efficient 
(C. Li et al., 2010; Li et al., 2011, 2013; Uppugundla et al., 2014). 
However, the cost of operating IL-assisted pretreatment of biomass is generally 
more expensive than conventional pretreatment methods. To reduce the cost of IL-
assisted biomass pretreatment, in addition to the reduction of the price of IL,  it is needed 
to decrease the IL/biomass ratio and to increase the IL recycle percentage in pretreatment 
(George et al., 2015; Klein-Marcuschamer et al., 2011). The IL/biomass ratio was defined 
as the amount of IL used for pretreatment per unit biomass. Generally, in order to 
solubilize the biomass in IL, IL-assisted biomass pretreatment has been conducted at the 
high IL/biomass ratio. The high IL/biomass range was from 9 to 49 which corresponds to 
biomass loadings ranging from 2 to 10 wt% (see a review by (Brandt et al., 2013)). Not 
only to solubilize the biomass in IL, but the higher IL/biomass ratios have also been been 
adopted in IL-assisted biomass pretreatments associated with IL recycling (An et al., 
2015; Auxenfans et al., 2014; Ding et al., 2016; Haykir et al., 2013; Lee et al., 2009; B. 
Li et al., 2010; Li et al., 2009; Nguyen et al., 2010; Ninomiya et al., 2015a; Perez-Pimienta 
et al., 2017; Qiu and Aita, 2013; Weerachanchai and Lee, 2014; Wu et al., 2011; Xu et 
al., 2017). Some of these studies reported that the IL recovery percentage was achieved 
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to be 90–99% (B. Li et al., 2010; Ninomiya et al., 2015a; Perez-Pimienta et al., 2017; Qiu 
and Aita, 2013). 
In the reports on IL-assisted biomass pretreatments without IL recycling, much 
lower IL/biomass ratios have been employed ranging from 1 to 2. This range of ratio 
corresponded with biomass loadings ranging from 33 to 50 wt% (Cruz et al., 2013; da 
Silva et al., 2013; Ninomiya et al., 2013; Wu et al., 2011). To achieve the IL/biomass 
ratio ranging 1 to 2, sometimes co-solvent was applied (e.g., water, DMSO, and other 
organic solvents (Asakawa et al., 2016; Ninomiya et al., 2018). However, as far as we 
know, there has been no study to develop methods for IL recycling after IL-assisted 
biomass pretreatment at reduced IL/biomass ratio ranging from 1 to 2. 
Currently, a few studies have demonstrated biomass pretreatment using IL in 
aqueous solution. In these researchs, to enrich ILs, controlled water evaporation during 
pretreatment was used. To remove the IL from the pretreated biomass, after pretreatment, 
water was added to the IL/biomass slurry for washing, followed by solid-liquid separation 
(Ninomiya et al., 2018; Yuan et al., 2017). Particularly, Yuan et al. retrieved the IL 
aqueous solution after pretreatment and washing steps. Then, reused it for the next cycle 
of pretreatment without water evaporation and disposal of biomass-derived impurities 
(Yuan et al., 2017). However, in their previous study, IL loss was not measured or 
supplemented during the repetitive pretreatment cycle. As a result, along with the 
increasing number of pretreatment cycles, there is a decrease in enzymatic 
saccharification from pretreated biomass. 
Therefore, in the present study, we examined the recovery and reuse of IL during 
the repetitive pretreatment cycle of IL-assisted biomass pretreatment at a reduced 
IL/biomass ratio of <2. Figure 2.1 shows the outline of this chapter. We used IL in 
aqueous solution to accomplish sufficient dispersion of IL to biomass. In order to increase 
the IL concentration, water evaporation during pretreatment was needed. After 
pretreatment and wash out, the IL aqueous solution was recovered and was then reused 
for the next cycle of pretreatment. The next cycle was conducted without water 
evaporation and disposal of biomass-derived impurities from the IL aqueous solution. In 
addition, to maintain the efficiency of the biomass pretreatment process, we measured 



















































































































































































































































































































































































































2.2 Materials and Methods 
2.2.1 Materials 
Sugarcane bagasse was used as the source lignocellulosic material and was 
purchased from the Toyota Motor Corporation (Miyoshi, Japan). The bagasse was milled 
and sieved to pass through a 250–500 µm sieve (Nonaka Rikaki Co., LTD, Testing Sieve 
250–500 µm, Japan). Choline acetate (ChOAc) was used as IL and was prepared by the 
one-pot neutralization method with minor modifications (Yu et al., 2008). The 
commercial enzyme Cellulase Cellic® CTec2 was purchased from Novozymes Japan Ltd 
(Chiba, Japan). The rest of the chemicals used in this study were of reagent grade and 
from a variety of commercial sources. 
 
2.2.2 Pretreatment of bagasse powder using ChOAc aqueous solution with ChOAc 
recycling 
Figure 2.2 the detail process for the Nth cycle of pretreatment of bagasse by using 
ChOAc aqueous solutions (N = 1-6). The ChOAc aqueous solution was first mixed with 
bagasse powder in order to apply a small amount of ChOAc to all of the bagasse powder. 
The resultant suspension was then heated to pretreat the biomass along with water 
evaporation. After the pretreatment step, water was added to the ChOAc/biomass mixture, 
followed by the washing and solid-liquid separation to remove the ChOAc from the 
pretreated biomass. Then, the ChOAc aqueous solution recovered after the pretreatment 
and washing steps is directly reused for the next cycle of pretreatment without evaporation 
of water and removal of biomass-derived impurities. The concrete procedures are as 
follows. 
For the 1st cycle of pretreatment, 10 g-dry weight of untreated bagasse was mixed 
with 500 mL ChOAc aqueous solution containing 15 g of ChOAc (30 g/L), corresponding 
to the IL/biomass ratios of 1.5. When necessary, the IL/biomass ratio was adjusted to 0, 
0.2, 1 by changing the concentration of ChOAc aqueous solution. The resultant 
suspension was placed in an open-topped stainless tray (30 cm × 20 cm × 5 cm), followed 
by heating in a dry oven at 110°C for 21 h; the first 5 h was mainly to evaporate water, 
and the next 16 h was to pretreated bagasse with ChOAc.  
After the heating, the ChOAc/biomass mixture was washed with 250 g of 
deionized water in a glass beaker for 2 hours. The suspension was subjected to solid-
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liquid separation by centrifugation at 8,000×g for 10 min at 25°C (see Figure 2.3). This 
washing step was repeated twice. Then, the resultant centrifugation pellet was further 
compressed by a squeezer (SHiBORO2, Ishino Seisaku Sho, Yamaguchi, Japan) to 
remove the remaining ChOAc aqueous solution from the bagasse, which resulted in the 
pretreated bagasse. The pretreated bagasse was dried in an oven at 90°C overnight, 
pulverized into a powder using a mill, and subjected to the analyses (compositional 
analysis, saccharification assay, and X-ray diffractometry. See below.).  
Both the supernatant from washing and the juice from squeezing were lumped 
together to recover the ChOAc aqueous solution. The recovered ChOAc aqueous solution 
was subjected to the analysis (ChOAc measurement. See below), then the volume was 
adjusted up to 500 mL by addition of deionized water and used for the 2nd cycle of 
pretreatment. When necessary, fresh ChOAc was supplemented to obtain 500 mL ChOAc 
aqueous solution containing 15 g of ChOAc (30 g/L). The 2nd to 6th cycle of pretreatment 
was conducted in the same manner as described above using the ChOAc aqueous solution 










































































































































































































































































































































































































































































































































































































































































































































































































































































































































Compositional analysis of the bagasse powder was conducted according to the 
NREL method (Sluiter et al., 2012). Saccharification assay was conducted at a 10% solid 
loading (100 g/L) in a 50 mL polypropylene tubes containing 9 mL of water, 1 g of dry 
pretreated biomass, and CTec2 (10 FPU/g of biomass). The tubes were incubated in a 
heat block (Thermo Block Rotator SN-06BN; Nissinrika Co., Tokyo, Japan) axially 
rotated at 35 rpm, at a controlled temperature of 50°C. Liquefied portions were sampled 
during the enzymatic reaction at 6 h, 24 h, 48 h, and 72 h. The samples were heated at 
90°C for 5 min to inactivate the enzyme, centrifuged at 21,500× g for 1 min, and then 
subjected to the glucose and xylose measurement. Cellulose saccharification was 
evaluated as the percentage of cellulose hydrolyzed into glucose compared with cellulose 
in the original bagasse. Similarly, hemicellulose saccharification was evaluated as the 
percentage of hemicellulose hydrolyzed into xylose compared with hemicellulose in the 
original bagasse. When needed, saccharification assay at lower biomass loading was 
conducted at a 1% solid loading (10 g/L) with CTec2 (10 FPU/g of biomass) in the 
manner as described elsewhere (Ninomiya et al., 2018).  
Powder X-ray diffractometry (XRD) of bagasse powder was carried out in the 
manner as described previously (Ninomiya et al., 2018), and the crystallinity index (CrI) 
was calculated from the powder XRD data according to the peak-height method (Segal et 
al., 1959). 
Glucose, xylose and ChOAc concentrations were determined by high 
performance liquid chromatography (HPLC) as described previously (Ninomiya et al., 
2015b). ChOAc recovery was evaluated as the percentage of ChOAc recovered from the 






2.3 Results and Discussion 
2.3.1 Minimum amount of ChOAc for bagasse pretreatment  
To determine the minimum amount of ChOAc for bagasse pretreatment before 
enzymatic saccharification, the bagasse powder was pretreated with ChOAc aqueous 
solution at different IL/biomass ratios of 0, 0.2, 1, 1.5 and then the pretreated bagasse was 
subjected to enzymatic saccharification at low loading (10 g/L).  
Figure 2.4 and Figure 2.5 shows the time courses of cellulose and hemicellulose 
saccharification percentage during the enzymatic saccharification. At an IL/biomass ratio 
of 0, cellulose and hemicellulose saccharification percentages were about 10% at 72h. 
The cellulose and hemicellulose saccharification percentage were about 20% at an 
IL/biomass ratio of 0.2. The values dramatically increased with an elapsed reaction time 
at IL/biomass ratios of 1 and 1.5. Particularly, at an IL/biomass ratio of 1.5, cellulose and 
hemicellulose saccharification percentages were 95% and 93% at 72 h, respectively. 
These results indicate that pretreatment at an IL/biomass ratio of 1.5 was minimum and 
sufficient to mitigate the lignocellulose structure of the bagasse to allow enzyme access 
to the polysaccharides. Thus, in the following experiments, the IL/biomass ratio was set 
to be 1.5 (biomass loading at 40 %wt) for the first cycle of the repeated cycles of bagasse 







































































Figure 2.4 Time course of cellulose saccharification percentage during the 
enzymatic saccharification. The bagasse was pretreated with ChOAc at 
different IL/biomass ratios of 0 (A), 0.2 (B), 1 (C), and 1.5 (D). Cycle number 
of pretreatment N = 1. The error bars indicate the standard deviation from 
triplicate experiments.  






































Figure 2.5 Time course of hemicellulose saccharification percentage during 
the enzymatic saccharification. The bagasse was pretreated with ChOAc at 
different IL/biomass ratios of 0 (A), 0.2 (B), 1 (C), and 1.5 (D). Cycle number 




2.3.2 ChOAc recovery during cycles of bagasse pretreatment with minimum 
amount of ChOAc 
To analyze the ChOAc recovery percentage during the repeated cycles of the 
bagasse pretreatment with minimum amount of ChOAc, the bagasse powder was 
pretreated with ChOAc aqueous solution at IL/biomass ratio of 1.5 for the first cycle of 
pretreatment (N = 1), and the ChOAc aqueous solution recovered after the pretreatment 
was analyzed and reused for the subsequent cycles of pretreatment (N = 2-6) with or 
without supplementation of fresh ChOAc.  
Figure 2.6 shows the ChOAc recovery percentage for the aqueous solution 
obtained after the Nth cycle of pretreatment, with or without supplementation of fresh 
ChOAc. Here, ChOAc amount in the initial ChOAc aqueous solution was regarded as 
100% ChOAc recovery percentage at the cycle number of pretreatment N = 0 (i.e., 15 g 
ChOAc in 500 mL). The ChOAc recovery percentage was reduced linearly to 80%, 64%, 
50%, 38%, 28% and 20% after 1st-6th cycles of pretreatment, respectively, in the case 
without supplementation of fresh ChOAc (see the open bars in Figure 2.6). On the other 
hand, in the case with supplementation of fresh ChOAc, the ChOAc recovery percentage 
was kept at 83% on average even after 1st-6th cycles of pretreatment (see the closed bars 
in Figure 2.6). These results mean that 17% of ChOAc used for pretreatment could not 
be recovered after each cycle of pretreatment, irrespective of the supplementation of fresh 
ChOAc. Concretely, in the case with supplementation of fresh ChOAc, about 2.5 g of 
ChOAc out of 15 g was lost after each cycle of pretreatment of 10 g bagasse and was 
supplemented to maintain the IL/biomass ratio of 1.5 for the next cycle. This indicates 
that the “lost-IL/biomass ratio” was found to be 0.25 g/g, which is defined as amount of 
IL lost during pretreatment of unit amount of biomass. This “lost-IL/biomass ratio” of 
0.25 was equivalent to the IL recovery percentage of 99% when the IL/biomass ratio is 
set to be 20 that is conventional pretreatment condition. Therefore, the recovery ratio of 
83% obtained in this study was not lower but same level compared with those reported in 
previous papers (i.e., 98%) (Auxenfans et al., 2014; Ding et al., 2016; Haykir et al., 2013; 
Li et al., 2009; Nguyen et al., 2010; Weerachanchai and Lee, 2014; Wu et al., 2011; Xu 
et al., 2017) from the viewpoint of “lost-IL/biomass ratio”. 
The lost-IL/biomass ratio of 0.25 can be discussed from the aerobic condition of 
pretreatment which conducted. Under aerobic condition, as a biocompatible IL, ChOAc 
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can be degraded mainly by a hydrophobic factor (Yu et al., 2008). The hydrophobic factor 
is the mechanism penetration of ChOAc into the cell of the membrane bagasse. Therefore, 
it could be concluded that the lost-IL/biomass ratio of 0.25 is inevitable and intrinsic to 
pretreated bagasse. 
The lost-IL/biomass ratio of 0.25 is not satisfactory level from the viewpoint of 
running costs, considering the price of IL. Since this 0.25 g IL/g of biomass needs to be 
supplemented for the next pretreatment, this lost-IL/biomass is directly linked to the 
running costs of IL for pretreatment. To reduce the lost-IL/biomass ratio, i.e. to remove 
ChOAc effectively from the pretreated biomass during the washing step, repeated 
washing of the pretreated biomass may be needed. However, dramatic decreases in the 
lost-IL/biomass ratio were not seen in preliminary experiments using repeated washing 
after pretreatment at an IL/biomass ratio of 1.5. Another method (i.e. combined washing 
such as extraction and autoclave) is needed for further recovery of ChOAc from the 
pretreated biomass in order to reduce the running costs of the ChOAc-assisted 
pretreatment process. 
 
2.3.3 Composition of bagasse acquied during cycles of pretreatment with 
minimum amount of ChOAc 
To analyze the composition of biomass during the repeated cycles of the bagasse 
pretreatment with minimum amount of ChOAc, the bagasse powder was reviewed after 
the pretreatment with ChOAc aqueous solution at IL/biomass ratio of 1.5 for the first 
cycle of pretreatment (N = 1), and this compositional analysis was reiterated after the 
subsequent cycles of pretreatment (N = 2-6) with or without supplementation of fresh 
ChOAc.  
Figure 2.7 shows the composition of pretreated bagasse obtained after Nth cycle 
of pretreatment, with or without supplementation of fresh ChOAc. The untreated bagasse 
contained approximately 38% cellulose, 21% hemicellulose, 29% lignin, and 12% other 
components (UT in Figure 2.7). There was almost no significant difference in the 
composition along with the cycle number of pretreatment N, irrespective of the case with 
or without supplementation of fresh ChOAc, although the values were fractionated. These 
results indicate that specific component in the bagasse was not removed during the 
repeated cycles of the bagasse pretreatment with minimum amount of ChOAc.  
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The recovery percentage of pretreated bagasse was about 70-80% of initial 
untreated bagasse mass along with the cycle number of pretreatment, N, irrespective of 
the case with or without supplementation of fresh ChOAc (see Figure 2.8). It is indicated 
that fractionation of bagasse was caused by ChOAc-assisted pretreatment. These results 
are also generally consistent with our previous study on partial degradation of bagasse in 
ChOAc aqueous solution (Ninomiya et al., 2018), explaining that the recovery percentage 
was almost 80% irrespective of IL/biomass ratio. 
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Figure 2.6 The ChOAc recovery percentage for the aqueous solution obtained after the 
Nth cycle of pretreatment. UT indicates untreated bagasse. The bagasse was pretreated 
with ChOAc at an IL/biomass ratio of 1.5. Cycle number of pretreatment N = 1–6. Open 
bars: control pretreatment without supplementation of fresh ChOAc, filled bars: 
pretreatment with supplementation of fresh ChOAc. Light blue bars indicate the 

































































































Figure 2.7 The composition (cellulose, hemicellulose, lignin, and the others from the bottom) 
for the pretreated bagasse obtained after the Nth cycle of pretreatment. UT indicates untreated 
bagasse. The bagasse was pretreated with ChOAc at an IL/biomass ratio of 1.5. Cycle number 
of pretreatment N = 1–6. Open bars: control pretreatment without supplementation of fresh 
ChOAc, filled bars: pretreatment with supplementation of fresh ChOAc.  
 
Figure 2.7 The composition (cellulose, hemicellulose, lignin, and the others from the 
bottom) for the pretreated bagasse obtained after the Nth cycle of pretreatment. UT 
indicates untreated bagasse The bagasse was pretreated with ChOAc at an IL/biomass 
ratio of 1.5. Cycle number of pretreatment N = 1–6. Open bars: control pretreatment 
without supplementation of fresh ChOAc, filled bars: pretreatment with 
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Figure 2.8 The recovery percentage of pretreated bagasse obtained after the Nth cycle 
of pretreatment. UT indicates untreated bagasse. The bagasse was pretreated with 
ChOAc at an IL/biomass ratio of 1.5. Cycle number of pretreatment N = 1–6. Open bars: 
control pretreatment without supplementation of fresh ChOAc, filled bars: pretreatment 
with supplementation of fresh ChOAc. 
 
Figure 2.8 The recovery percentage of pretreated bagasse obtained after the Nth cycle 
of pretreatment. UT indicates untreated bagasse. The bagasse was pretreated with 
ChOAc at an IL/biomass ratio of 1.5. Cycle number of pretreatment N = 1–6. Open 
bars: control pretreatment without supplementation of fresh ChOAc, filled bars: 
pretreatment with supplementation of fresh ChOAc. 
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2.3.4 Cellulose/hemicellulose saccharification of bagasse obtained during cycles of 
pretreatment with minimum amount of ChOAc 
To evaluate the saccharification percentage of biomass during the repeated cycles 
of the bagasse pretreatment with minimum amount of ChOAc, the bagasse powder was 
subjected to enzymatic saccharification assay at high loading (100 g/L) after the 
pretreatment with ChOAc aqueous solution at IL/biomass ratio of 1.5 for the first cycle 
of pretreatment (N = 1), and this saccharification assay was repeated after the subsequent 
cycles of pretreatment (N = 2-6) with or without supplementation of fresh ChOAc.  
Figure 2.9 (A) and (B) shows the cellulose/hemicellulose saccharification 
percentage of pretreated bagasse obtained after Nth cycle of pretreatment, with or without 
supplementation of fresh ChOAc. The cellulose and hemicellulose saccharification 
percentages were just 12% and 8%, respectively, in the case of the untreated bagasse (UT 
in Figure 2.9 and Figure 2.10). In contrast, with or without supplementation of fresh 
ChOAc, the cellulose and hemicellulose saccharification percentage reached highest 
values of 92% and 79% after 1st cycles of pretreatment (N = 1), respectively. These values 
correspond to glucose and xylose concentrations of 55 g/L and 19 g/L, respectively. The 
cellulose and hemicellulose saccharification percentages were reduced gradually along 
with the cycle number of pretreatment, to be 30% and 27%, respectively, after 6th cycles 
of pretreatment in the cases without supplementation of fresh ChOAc (see the open bars 
in Figure 2.9 (A) and (B)). On the other hand, in the cases with supplementation of fresh 
ChOAc, the cellulose and hemicellulose saccharification percentage were kept at constant 
values about 83% and 70%, respectively, after 2nd-6th cycles of pretreatment (see the 
closed bars in Figure 2.9 (A) and (B)). Here, these changes in cellulose/hemicellulose 
saccharification percentage along with the cycle number of pretreatment N = 1-6 (Figure 
2.9 (A) and (B)) were roughly coincident with the changes in ChOAc recovery percentage 
along with the cycle number of pretreatment N = 0-5 (Figure 2.9). This indicates that the 
recovered amount of ChOAc was a rate-limiting factor for next cycle of pretreatment 
during the repeated cycle of pretreatment which was started at the minimum IL/biomass 





Moreover, it was observed that lignin and other compounds were accumulated in 
ChOAc aqueous solution due to no purification. The accumulation of lignin and other 
compounds in the aqueous solution obtained after Nth cycle of pretreatment, with or 
without supplementation of fresh ChOAc. It could be assumed that the reduction of 
cellulose/hemicellulose saccharification percentage was attributed to lignin and other 
compounds in ChOAc aqueous solution due to no purification. The existence of lignin 
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Figure 2.9 The (A) cellulose saccharification percentages, and (B) hemicellulose 
saccharification percentages for the pretreated bagasse obtained after the Nth cycle of 
pretreatment. UT indicates untreated bagasse. The saccharification percentages were 
determined at 72 h of enzymatic saccharification of the bagasse at high loading (100 g/L). 
The bagasse was pretreated with ChOAc at an IL/biomass ratio of 1.5. Cycle number of 
pretreatment N = 1–6. Open bars: control pretreatment without supplementation of fresh 
ChOAc, filled bars: pretreatment with supplementation of fresh ChOAc. 
 
Figure 2.9 The (A) cellulose saccharification percentages, and (B) hemicellulose 
saccharification percentages for the pretreated bagasse obtained after the Nth cycle 
of pretreatment. UT indicates untreated bagasse. The saccharification percentages 
were determined at 72 h of enzymatic saccharification of the bagasse at high loading 
(100 g/L). The bagasse was pretreated with ChOAc at an IL/biomass ratio of 1.5. 
Cycle number of pretreatment N = 1–6. Open bars: control pretreatment without 








Cycle number of pretreatment, N




















































































2.3.5 Correlation between cellulose/hemicellulose saccharification and 
crystallinity of bagasse obtained during cycles of pretreatment with 
minimum amount of ChOAc 
To understand the changes in the cellulose/hemicellulose saccharification 
percentage along with the cycle number of pretreatment (Figure 2.9 (A) and (B)) from 
the viewpoint of crystallinity of biomass, the bagasse powder was analyzed to determine 
the CrI after the pretreatment with ChOAc aqueous solution at IL/biomass ratio of 1.5 for 
the first cycle of pretreatment (N = 1), and this analysis was repeated after the subsequent 
cycles of pretreatment (N = 2-6) with or without supplementation of fresh ChOAc. The 
CrI was determined from the peak-height from the powder XRD data (See Figure 2.10 
(A) and (B) as for XRD data). 
Figure 2.11 (A) and (B) shows the correlations between cellulose/hemicellulose 
saccharification percentage and CrI of pretreated bagasse obtained after Nth cycle of 
pretreatment, with or without supplementation of fresh ChOAc. A negative linear 
correlation was seen between the cellulose saccharification percentage and CrI 
irrespective of the case with or without supplementation of fresh ChOAc. The cellulose 
saccharification percentages changed from 90% to 10% within the range from 60-70% of 
the CrI value, although there was some fluctuation in the data (Figure 2.11 (A)). Almost 
the same correlation was seen between the hemicellulose saccharification percentage and 
CrI (Figure 2.11 (B)). These results indicate that the cellulose/hemicellulose 
saccharification percentage along with the cycle number of pretreatment could be 
explained by the CrI value, irrespective of the cases with or without supplementation of 
fresh ChOAc (see Figure 2.12). These detected tendencies were consistent with the 
previous reports that the lignocellulosic materials pretreated with IL could exhibit 
effective enzymatic saccharification as well as lower CrI values (Lee et al., 2009; C. Li 


























































Figure 2.10 XRD spectra for the pretreated bagasse obtained after Nth 
cycle of pretreatment. The bagasse was pretreated with ChOAc at an 
IL/biomass ratio of 1.5. Cycle number of pretreatment N = 1–6. (A) 
control pretreatment without supplementation of fresh ChOAc, (B) 
pretreatment with supplementation of fresh ChOAc. 
 
Figure 2.10 XRD spectra for the pretreated bagasse obtained after 
Nth cycle of pretreatment. The bagasse was pretreated with ChOAc 
at an IL/biomass ratio of 1.5. Cycle number of pretreatment N = 1–
6. (A) control pretreatment without supplementation of fresh 
ChOAc, (B) pretreatment with supplementation of fresh ChOAc. 
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Figure 2.12 The crystallinity indeces calculated from the XRD spectra for the pretreated 
bagasse obtained after Nth cycle of pretreatment, where UT indicate the untreated 
bagasse. The bagasse was pretreated with ChOAc at an IL/biomass ratio of 1.5. Cycle 
number of pretreatment N = 1–6. Open bars: control pretreatment without 





This chapter demonstrated the recovery and reuse of ChOAc during the repeated 
cycles of ChOAc-assisted bagasse pretreatment at the minimum IL/biomass ratio at 1.5, 
with supplementation of the ChOAc that was lost during the each cycles of pretreatment 
so as to maintain the efficiency of biomass pretreatment. The ChOAc recovery percentage 
was 83% on average for the aqueous solution obtained after 1st-6th cycles of pretreatment. 
The cellulose and hemicellulose saccharification percentage were about 83% and 70%, 
respectively, for the pretreated bagasse obtained after 2nd-6th cycle of pretreatment, 
which corresponded to glucose and xylose concentrations of 48 g/L and 16 g/L. 
The pretreatment at a minimum IL/biomass ratio can contribute to the reduction 
of the capital costs of IL-assisted pretreatment processes. This is due to the reduction in 
the capital cost of the IL itself, and the reduction in the scale of the pretreatment plant 
required since the amount of water used to remove residual IL from the pretreated 
biomass can be reduced. Moreover, the IL aqueous solution recovered after pretreatment 
and washing steps can be directly used for the next cycles of pretreatment, without an 
additional step to evaporate water. Thus, the method suggested in the present study has 
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Saccharification and ethanol fermentation  
 from biomass pretreated using  
minimum sufficient amount of biocompatible ionic liquid 
 
3.1 Introduction 
Ethanol has been identified as the mostly used biofuel worldwide since it 
significantly contributes to the reduction of crude oil consumption and environmental 
pollution. The conventional processes involved in ethanol production are pretreatment, 
enzymatic saccharification, and fermentation. Ethanol can be produced from 
lignocellulosic biomass as a second generation. However, lignocellulosic biomass 
contains polysaccharide which is not readily available for bioconversion.  Cellulose, 
hemicellulose, and lignin structures make it recalcitrant to the accessibility of enzymes 
activity.  
In order to enhance the accessibility of enzyme activity in the enzymatic 
saccharification step, it is common to employ a technical process namely “pretreatment” 
process. The “pre-” in the pretreatment can be followed from the fact that it prior to the 
enzymatic saccharification. Pretreatment modifies the properties of the biomass that are 
assumed to improve the enzymatic saccharification, such as crystallinity (Agbor et al., 
2011). Many pretreatment technologies have been investigated, but ionic liquid (IL)-
assisted pretreatment has gained attention in lignocellulosic bio-refinery processes 
(Brandt et al., 2013). Since IL-assisted pretreatment is more effective than the 
conventional pretreatment such as diluted acid and ammonia in disrupting and dissolve 
the crystalline cellulose and lignin structure, therefore it promotes the improving 
enzymatic saccharification (Swatloski et al., 2002). 
The most IL used for lignocellulose pretreatment is 1-ethyl-3-methylimidazolium 
acetate (EmimOAc). By using EmimOAc for IL-assisted pretreatment, a small amount of 
residual IL (imidazolium) still remains in the pretreated biomass. According to some 
reports, EmimOAc is toxic for enzyme and microorganisms. As a result, it inhibits 
cellulolytic enzymes and the fermentative microorganisms needed for the subsequent 
steps of saccharification and fermentation (Datta et al., 2010; Ouellet et al., 2011). Based 
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on these results, in this study we used choline acetate (ChOAc), a cholinium IL. In 
addition, we have previously reported that choline acetate (ChOAc) shows an almost 
comparable pretreatment ability, with fewer inhibitory effects on enzymes and 
microorganisms than 1-ethyl-3-methylimidazolium acetate (EmimOAc) (Ninomiya et al., 
2015a, 2015b, 2015c, 2013a, 2013b).  
In the fermentation process, microorganisms were employed to convert 
fermentable sugar into ethanol (De Carvalho Lima et al., 2002; Jeffries and Jin, 2000; 
Takahashi et al., 2000). Compared to other types of microorganisms, yeasts especially 
Saccharomyces cerevisiae is the common microbes employed in ethanol production due 
to its high ethanol productivity, high ethanol tolerance and the ability to ferment a wide 
range of sugars such as glucose and xylose (Matsushika et al., 2009). However, the 
challenges in fermentation include the low ethanol tolerance and reduced stability of 
recombinant strains (Detns et al., 2002; Laplace et al., 1993; Stambuk et al., 2003; Zhou 
et al., 2008). Therefore, in this study, we used yeast Saccharomyces cerevisiae 
YPH499XU which co-expresses xylose reductase from Pichia stipites, xylitol 
dehydrogenase from Pichia stipites and xylulokinase from Saccharomyces cerevisiae 
(Hasunuma et al., 2011).   
In addition, it also is known that residual IL in the pretreated bagasse hampered 
the ethanol production because of its toxicity. This chapter also highlights the effect of 
IL-assisted pretreatment on the fermentation process, particularly the impact of residual 
ChOAc in the pretreated bagasse on the yeast growth in the ethanol production. 
Therefore, in this chapter, we explore the co-fermentation efficiency of mixed 
sugars obtained from the saccharification of ChOAc IL-pretreated biomass with 
IL/biomass ratio of 1.5. They were then subjected to enzymatic saccharification using 
Ctec2 for 72h, followed by ethanol fermentation using the xylose assimilating 
recombinant yeast Saccharomyces cerevisiae YPH499XU for another 48h. We evaluate 
the enzyme accessibility and fermentability of bagasse pretreated at IL/biomass ratios of 
1.5 only. Furthermore, we explained the other technical factors related to the development 
of processes such as comparison ChOAc and EmimOAc from the viewpoint of the 




3.2 Materials and Methods 
3.2.1 Material  
Sugarcane bagasse, the lignocellulosic source material was purchased from the 
Toyota Motor Corporation (Miyoshi, Japan). The bagasse was milled and sieved to pass 
through a 250–500 µm sieve (Nonaka Rikaki Co., LTD, Testing Sieve 250–500 µm, 
Japan). The commercial enzyme Cellulase Cellic® CTec2 was purchased from 
Novozymes Japan Ltd (Chiba, Japan). Phosphoric acid swollen cellulose (PASC) was 
prepared from the microcrystalline cellulose according to the method described 
previously (Wood, 1988). ChOAc was prepared by using a one-pot neutralization method 
with minor modifications  (Yu et al., 2008). EmimOAc was purchased from Kanto 
Chemical Co., Inc. (Tokyo, Japan). Commercial cellulase (Cellic® CTec2), a complex 
blend of cellulase, hemicellulose, and b-glucosidase, (batch number VCNI 0008, 106 
filter paper units (FPU) per milliliter) was obtained from Novozymes Japan, Ltd (Chiba, 
Japan). FPU of the cellulase was determined by the method reported by NREL (Adney 
and Nrel, 2008). The yeast strain Saccharomyces cerevisiae YPH499XU (Hasunuma et 
al., 2011) was used for ethanol fermentation. All the rest of the chemicals used in this 
study were of reagent grade and from a variety of commercial sources. 
 
3.2.2 Preparation of dry pretreated bagasse  
In addition to explaining the outline of this chapter, Figure 3.1 also briefly shows 
the preparation of pretreated bagasse. By taking Chapter 1 pretreatment method in detail 
procedure, to get IL/biomass ratio of 1.5 only, 10 g-dry weight of untreated bagasse was 
mixed with 500 mL ChOAc aqueous solution containing 30 g/L of ChOAc. The 
pretreated bagasse/ChOAc aqueous mixture was positioned in an open-topped stainless 
steel tray (30cm x 20 cm x 5 cm). The tray was heated in a dry oven at 110°C for 21 h; 
the first 5 h was to evaporate water, and the next 16 h was to impregnate bagasse with 
ChOAc. After heating, the bagasse pretreated/ChOAc mixture was washed twice with 
250 g of deionized water in a 500-mL glass beaker for 2 hours. 
The next process was solid-liquid separation. The bagasse/ChOAc aqueous 
mixture was separated by centrifugation at 8,000×g for 10 min at 25°C (Kubota 6930, 
Japan), and the resultant pellet was further compressed by a squeezer (SHiBORO2, Ishino 
Seisaku Sho, Yamaguchi, Japan) to remove the remaining ChOAc aqueous solution from 
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the bagasse. Both the semi-wet pretreated bagasse and the ChOAc aqueous solution 
retrieved after the pretreatment were retained. The pretreated bagasse recovered after 
pretreatment was dried in an oven at 90°C overnight, and pulverized into a powder using 
a mill. 
 
3.2.3 Saccharification at low-loading (10 g/L) 
The saccharification assay at low biomass loading (10 g/L) was performed in a 
30-mL glass vial at a controlled temperature of 50°C (Eyela, Incubator FMS, Japan). The 
glass vial was shaken by using a rotary shaker at 130 rpm. Precisely 0.05 g of bagasse 
powder was mixed with 5 mL of CTec2 cellulase solution (10 FPU/g of dry bagasse) in 
50 mM phosphate buffer (pH 5.0). Samples were collected at known time intervals after 
the start of the reaction and then heated at 90°C for 5 min to de-activate the enzyme. After 
centrifugation of the heated samples at 21,500×g for 1 min, the supernatant was analyzed 
for glucose and xylose. Glucose and xylose concentrations were determined by high 















































































































































































































































































































































































































3.2.4 Saccharification at high-loading (100 g/L) 
Saccharification was performed in 50 mL polypropylene tubes containing 9 mL 
of water, 1 g of dry pretreated biomass, and CTec2 (10 FPU/g of pretreated biomass), 
which resulted in a 10% (100 g/L) solid loading. The tubes were axially rotated at 35 rpm, 
at a controlled temperature of 50°C, in a heat block (Thermo Block Rotator SN-06BN; 
Nissinrika Co., Tokyo, Japan). Liquefied samples were collected during the enzymatic 
reaction at 3 h, 24 h, 48 h, and 72 h, and then heated at 90°C for 5 min to inactivate the 
enzyme. The heated samples were centrifuged at 21,500× g for 1 min, and the glucose 
and xylose content in the supernatant was then measured. Cellulose saccharification was 
evaluated as the percentage of cellulose hydrolyzed into glucose compared with cellulose 
in the original bagasse. Similarly, hemicellulose saccharification was evaluated as the 
percentage of hemicellulose hydrolyzed into xylose compared with hemicellulose in the 
original bagasse. 
After enzymatic saccharification for 72 h, the 50-mL tube was centrifuged 
(8,000× g) for 10 min at 25°C, and the supernatant was then filtered (0.45μm filter) to 
obtain a sterile sugar solution for use in subsequent co-fermentation. Simply, the 



































































































































































































































































3.2.5 Fermentation process from bagasse pretreated with minimum amount of 
biocompatible IL   
Inoculum preparation. To prepare the inoculum for fermentation, yeast was 
aerobically cultured at 30°C for 48 h in Sakaguchi flask containing 50 mL of YPD 
medium (10 g/L of yeast extract, 20 g/L of Bacto-peptone, and 20 g/L of glucose; Nacalai 
Tesque, Kyoto, Japan), with shaking at 150 rpm. The yeast cells were collected by 
centrifugation (3,000 rpm for 5 min) and washed twice with distilled water. The resultant 
yeast suspension had an OD600 of about 100. Figure 3.3 presents the procedure for 
inoculum preparation. 
Fermentation. Fermentation was then undertaken in a 50-mL polypropylene tube 
closed with a silicon plug with a gas check valve attached. The sterile sugar solution 
generated as described above, sterile water, and yeast suspension were added to the tube 
in a working volume of 10 mL, at a final OD600 of 20 (equivalent to approximately 100 
g-wet cells/L). No other nutrients, including yeast extract and peptone, were added to the 
fermentation mixture. Fermentation was performed at 30°C by placing the tube in a 
reciprocating shaker at 120 rpm. During fermentation, samples were collected after 3 h, 
24 h, and 48 h. Samples were centrifuged at 21,500× g for 1 min, and glucose, xylose, 
and ethanol measurements were performed on the supernatant. The procedure of 
fermentation was described in Figure 3.4. 
The ethanol yield, based on the sugar content, was determined as the percentage 
of ethanol produced compared with the ethanol that could theoretically be converted from 
glucose and xylose obtained by saccharification. The ethanol yield (YEthanol) is defined as 
producing ethanol (mol/L) from initial glucose available (mol/L). It is assumed that 1 mol 
of glucose is converted into 2 mol of ethanol. Further, the overall ethanol yield from 
bagasse was determined as the percentage of ethanol generated, compared with the 
ethanol that could theoretically be converted from carbohydrates in the original bagasse. 
It can be expressed by using the following equation: 
 
𝑌𝐸𝑡ℎ𝑎𝑛𝑜𝑙(%) =




















































































































































































































































































3.2.6 Assay of cellulose activity inhibition by ILs 
The procedure about assay of cellulose activity inhibitory by ILs was reported by 
(Ninomiya et al., 2015a). For evaluating the inhibitory effects of IL to cellulase 
activity,enzymatic saccharification was conducted in a 30 mL glass vial containing 5mL 
of a mixture of 50mM phosphate buffer (pH 5.0), IL (EmimOAc or ChOAc) at final 
concentrations of 0–50% (w/w), CTec2 at a concentration of 40 FPU/g of dry biomass, 
and 0.03 g of dry weight equivalent of wet PASC as the model substrate. The vial was 
incubated at 50 ºC for 48 h using a reciprocal shaker at 130 rpm. A sample was taken at 
48 h and then heated at 90 ºC for 5 min to inactivate the enzymes. The heated sample was 
then centrifuged at 21,500g for 1 min, and the supernatant analyzed for glucose by high 
performance liquid chromatography (HPLC) as described below. The response to the ILs 
was evaluated based on the relative cellulase activity, which was defined as the 
percentage of the generated glucose at 48 h in the presence of the IL relative to the 
generated glucose at 48 h of a control culture free from the IL. The median effective 
concentration based on cellulase activity (cEC50) was determined as the IL concentration 
at which the relative cellulase activity was reduced to 50%. 
 
3.2.7 Assay of yeast growth inhibition by ILs 
The procedure about assay of cellulose activity inhibitory by ILs was reported by 
(Ninomiya et al., 2015c). For evaluating the inhibitory effects of IL to yeast, the culture 
was conducted in a 5-mL test tube containing autoclaved YPD medium (10 g/L of yeast 
extract, 20 g/L of Bacto-peptone, and 20 g/L of glucose; Nacalai Tesque, Kyoto, Japan) 
supplemented with the IL (EmimOAc or ChOAc) at final concentrations of 0.3–5% (w/w). 
The yeast cells were pre-cultured aerobically at 30 ºC in the test tube containing 5 mL of 
YPD medium free from IL. The pre-cultured broth was transferred into a test tube at an 
initial optical density of 0.1 at a wavelength of 660 nm (OD660). The test tube was 
incubated at 30 ºC for 48 h at 48 rpm using a shaking incubator (Compact Rocking 
Incubator TVS062CA, Advantec Toyo Kaisha, Ltd., Tokyo, Japan) with the OD660 value 
being monitored at a 10-min interval. The response to the IL was evaluated based on the 
relative growth, which was defined as the percentage of the OD660 at 48 h in the presence 
of the IL relative to the OD660 at 48 h of a control culture free from the IL. The median 
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effective concentration based on yeast growth (yEC50) was determined as the IL 
concentration at which the relative growth was reduced to 50%. 
 
3.2.8 Analysis  
Glucose, xylose, and ethanol concentrations were determined by HPLC equipped 
with a refractive index (RI) detector (Shimadzu Co., Kyoto, Japan) and a CARBOSep 
CHO-682 column (Tokyo Chemical Industry Co., Ltd, Tokyo, Japan) (Ninomiya et al., 
2015c). The column was run at 85 ºC with a water mobile phase and a flow rate of 0.4 
mL/min.  
ChOAc and EmimOAc concentrations were determined using HPLC equipped 
with a refractive index (RI) detector (Shimadzu Co., Kyoto, Japan) and an ICSep-ION-
300 column (Tokyo Chemical Industry Co., Ltd, Tokyo, Japan). The column was run at 



















3.3 Results and Discussion 
3.3.1 Saccharification at low-loading from bagasse pretreated with minimum 
amount of biocompatible IL 
Figure 3.5 shows the cellulose and hemicellulose saccharification percentages 
during enzymatic saccharification at low-loading (10 g/L) at different IL/biomass ratio 
ranging 0-3. For both cellulose and hemicellulose, the saccharification percentage was 
about 10% at the IL/biomass ratio of 0, and the values linearly increased along with the 
increasing IL/biomass ratios, reaching almost 100% at an IL/biomass ratio of 1.5 or more. 
Cellulose and hemicellulose saccharification percentages at an IL/biomass ratio of 1.5 
























































Figure 3.5 The saccharification percentage at low-loading (10 g/L) for 
bagasse pretreated with ChOAc at different IL/biomass ratios. The error bars 
indicate the standard deviation from three independent experiments. 
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3.3.2 Saccharification at high-loading from bagasse pretreated with minimum 
amount of biocompatible IL 
Figure 3.6 shows the time course of glucose and xylose concentrations during 
enzymatic saccharification at high-loading (100 g/L) of bagasse pretreated at an 
IL/biomass ratio of 1.5. Glucose and xylose concentrations increased with elapsed time, 
reaching 56 g/L and 14 g/L at 72 h, respectively. The cellulose and hemicellulose 
saccharification percentages were 95% and 65% at 72 h, respectively.  
The cellulose saccharification percentage was 95%, irrespective of low-loading 
saccharification (Figure 3.5) or high-loading saccharification (Figure 3.6). However, the 
hemicellulose saccharification percentage at high-loading saccharification (65%, Figure 
3.6) was lower than the value for low-loading saccharification (93%, Figure 3.5). One 
conceivable reason is that the amount of ChOAc attached to the pretreated bagasse could 
result in a residual concentration of ChOAc that is inhibitory for the hemicellulase activity 


















































Figure 3.6 The glucose and xylose concentrations during enzymatic 
saccharification at high-loading (100 g/L) of pretreated bagasse with ChOAc 
at the IL/biomass ratio of 1.5. The error bars indicate the standard deviation 
from three independent experiments. 
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3.3.3 Ethanol production from bagasse pretreated with minimum amount of 
biocompatible IL 
Figure 3.7 shows the time course of glucose, xylose and ethanol concentrations 
during ethanol fermentation from the sugar solution using S. cerevisiae YPH499XU. 
Initial glucose and xylose concentrations were 27 g/L and 7 g/L at 72 h, respectively. The 
sugars, glucose, and xylose, were consumed until 24 h. Ethanol concentration increased 
with elapsed time, reaching 15 g/L at 24 h, and the sugar-based ethanol yield was 85% of 

























































Figure 3.7 The reaction time of sugar and ethanol concentrations during 
subsequent fermentation. The bagasse pretreated with ChOAc at different 




3.3.4 Inhibitory effect of ILs on cellulotic enzymes  
To examine the inhibitory effect of ChOAc or EmimOAc on cellulase enzymes, 
enzymatic saccharification of the PASC as amorphous cellulose was conducted for 24 h 
using Ctec2 cellulase in the presence of the prescribed concentration of each IL. The 
cEC50 values were determined from the dose-response relationships between the relative 
enzyme activity and the IL concentration (Figure 3.8). The cEC50 values were 32 wt% 
and 16 wt% for ChOAc and EmimOAc, respectively.  
These results indicate that ChOAc shows the less inhibitory effect on cellulase 
and yeast activity compared with EmimOAc under the examined conditions. Biocatalysts 
such as enzymes and microbes in IL aqueous solution generally lose their activity due to 
a higher salt concentration and ionic strength. Thus, a more biocompatible IL was needed 
to perform the saccharification of IL-pretreated biomass with fewer post-pretreatment 
washings. The inhibitory effects of ChOAc on cellulase and yeast cells were significantly 
lower than those of EmimOAc because the cholinium cation was reported to be more 
intrinsically biocompatible than the imidazolium cation (Hou et al., 2013; Ninomiya et 














   































Figure 3.8 The relationships between relative cellulase activity and IL concentration, adapted 
from Ninomiya et al., 2015a. 
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3.3.5 Inhibitory effect of ILs on yeast cell growth 
Herein, to examine the inhibitory effect of ChOAc or EmimOAc on yeast cells, S. 
cerevisiae YPH499XU was cultured for 48 h in the presence of the prescribed 
concentration of each IL. In the case of ChOAc, the relative growth was over 80% of the 
control under the examined concentration (Figure 3.9). The EC50 values based on yeast 
growth (yEC50) were determined from the dose-response relationships between relative 
yeast growth and IL concentration.  
As reported in the previous study, the yEC50 value could not be determined for 
ChOAc under the examined concentrations and was 0.6 wt% for EmimOAc (Ninomiya 
et al., 2015b). These results indicate that ChOAc shows the less inhibitory effect on yeast 
activity compared with EmimOAc under the examined conditions. 
The present study revealed that an IL/biomass ratio of 1.5 was the minimal and 
sufficient IL for ChOAc-assisted pretreatment (110°C for 16 h), which achieved almost 
100% saccharification of cellulose and hemicellulose in bagasse powder (250–500 μm), 
using Ctec2 cellulase (10 FPU/g-biomass). The minimum IL/biomass ratio we obtained 
might not be universal and may need to be adjusted depending on different factors, such 
as the type of biomass. Softwood biomass (e.g., Cedar, Pine, etc.) and hardwood biomass 
(e.g., Eucalyptus, Birch, etc.) have a higher degree of recalcitrance than herbaceous 
biomass, like the bagasse used in this study (Li et al., 2013). Thus, further testing will be 
needed to determine the minimum IL/biomass ratio in the ChOAc-assisted pretreatment 

















































Figure 3.9 The relationships between relative growth of S. cerevisiae YPH499XU 




In the conversion into ethanol fermentation, cellulose and hemicellulose of 
lignocellulosic biomass should be well converted into ethanol. Glucose is the primary 
component of cellulose saccharification. It can be efficiently utilized for ethanol 
fermentation. In contrast, for utilization of xylose for ethanol fermentation, it cannot be 
easily converted. Xylose constitutes the backbone chain of the hemicellulosic material of 
biomass. It is solubilized by pretreatment process such as IL-assisted pretreatment. As 
mentioned earlier, a small amount of residual IL remains in the pretreated biomass. As a 
result, the mixed sugar solution contains toxic compounds released by residual IL in the 
pretreated biomass. Therefore, the less toxic IL is a critical factor in the pretreatment. In 
this study, we used ChOAc, a biocompatible IL. Also, complex genetic manipulation of 
S. cerevisiae is needed to improve ethanol fermentation from xylose, because the wild 
type of S. cerevisiae can not ferment xylose (Matsushika et al., 2009). In this study, we 
used S. cerevisiae YPH499XU.  
This chapter investigated enzymatic saccharification from pretreated bagasse to 
glucose at high loading saccharification. The glucose and xylose concentrations were 56 
g/L and 14 g/L after 72 h of enzymatic saccharification at high-loading, which 
corresponds to cellulose and hemicellulose saccharification of 95% and 65%, respectively. 
The mixed sugar solution was fermented into ethanol using yeast Saccharomyces 
cerevisiae YPH499XU to produce 15 g/L of ethanol. The initial glucose and xylose 
concentrations were 27 g/L and 7 g/L, respectively. The ethanol concentration was 15 g/L 
at 24 h, which was 85% of the theoretical sugar-based ethanol yield. This study has 
demonstrated the possibility of extracting sugars from the bagasse pretreated at the 
IL/biomass ratio of 1.5 with high solid loadings and their conversion into ethanol. As 
mentioned earlier in Chapter 1, that IL/biomass ratio of 1.5 was minimum and sufficient 
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Chapter 4  
Nanoparticle fabrication from biorefinery lignin  
obtained after biomass pretreatment using  
minimum sufficient amount of biocompatible ionic liquid 
 
4.1 Introduction 
The growth of the hazardous of CO2 emission into the environment has associated 
with the decreasing stocks of fossil fuels. As a consequence, the researchers have gained 
attention in the investigation of renewable energy, abundant and comparably cleaner 
alternatives to liquid fuels and chemicals produced from fossil fuels (Kumar et al., 2008; 
Yang et al., 2007). According to large amount and renewability, biomass has become one 
of the promising alternative and a renewable source of fuels and chemicals. The 
production of ethanol from biomass feedstock, namely the second-generation of ethanol, 
is one of the significant achievements in the lignocellulose refinery.  
Lignocellulosic biomass consists of three primary components: cellulose, 
hemicellulose, and lignin. Cellulose is a linear polymer of glucose comprising of parts 
with a crystalline structure and elements with an amorphous structure (Bodîrlǎu et al., 
2007). Hemicellulose is an amorphous, heterogeneously branched polymer of pentoses 
and hexoses, mainly xylose, arabinose, mannose, galactose, and glucose (Isikgor and 
Becer, 2015). Lignin is an amorphous and highly branched polymer of phenylpropane 
units, which can account between 15% and 40% of the dry biomass weight (Boerjan et 
al., 2003; Doherty et al., 2011). The integrated processes and technologies for biomass 
conversion in the biomass refinery was demanded to answer the efficient utilization of all 
three components, i.e., cellulose, hemicellulose, and lignin (Kleinert and Barth, 2008).  
In the lignocellulosic biomass, there are two critical objectives. Firstly, 
fractionation and utilization all of the lignocellulosic biomass such as cellulose, 
hemicellulose, and lignin. Secondly, development of technology and process that was 
both less expensive and low negative impact on the environment (Zhang, 2008). However, 
these objectives are not fully achieved. Cellulose and hemicellulose are exploited in a 
significant number of biorefineries for biofuels and paper production. In the lignin part, 
combustion is the only solution to produce energy at low-cost operation. Lignin could be 
101 
 
used to make products such as corrosion inhibitors, phenolic resins, coatings, composites, 
and agrochemical and biological products (Baier et al., 2013). 
The most common pretreatment strategies have conducted such as dilute acid 
hydrolysis, ammonia, organosolv, and ionic liquid. All of those pretreatments are 
effective to fractionate lignocellulosic material into their main components. Since 
Swatloski reported that IL could dissolve cellulose (Swatloski et al., 2002), IL-assisted 
pretreatment is extensively studied and applied for biomass refinery. Furthermore, it has 
been reported that lignin obtained after pretreatment has better properties than lignin 
obtained by conventional methods (Cybulska et al. 2012; Mora-Pale et al. 2011). 
 
4.1.1 Structure of lignin  
Lignin has chemical structure such as three-dimensional, irregular, aromatic 
heteropolymer that is made of phenylpropane units. The molecule of lignin is formed by 
the union of monolignols such as p-coumaryl, coniferyl, and sinapyl alcohols (Figure 
4.1). In this polymer, the aromatic constituents of all the alcohols are p-hydroxyphenyl 
(H), guaiacyl (G), and syringyl (S) moieties, respectively (Lewis and Yamamoto, 1990). 
In the biosynthetic process, lignin constitutes of coupling radical monolignol by a random 
polymerization process. As the results, a polymer of lignin and a three-dimensional 
complex structure that is unique for each type of plant was produced (Buranov and Mazza, 
2008). In the case herbaceous crops, lignin incorporation H, G, and S monolignols in 
various proportions, whereas, in woody plants, lignin contains mostly G and S units (Billa 
et al., 1998; Lapierre et al., 1995). These various proportions of monolignols affects the 
physicochemical properties of lignin. 
Lignin polymers are formed by various bonds. There are two main bonds types 
known as ether and carbon-carbon bonds. The most abundant bond is alkyl-aryl ether 
bond such as β-O-4 '. The lesser amount is aryl-aryl ether bonding type such as a 4-O-5'. 
Compared to the ether form bonds, the form of carbon-carbon bond are recalcitrant to 
disrupt. The carbon-carbon bond was known as condensate bonds (Karhunen et al., 1995). 
In the plant tissue, lignin binds covalently to the polysaccharide wall. For the instant, 
lignin binds with hemicellulose. The bonding between lignin and hemicellulose through 
glycosidic bonding with arabinose, xylose, and galactose, as well as through benzyl ether 
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or benzyl ester lignin. The presence of hemicellulose is binding to cellulose and lignin. 
As a result, the mechanical strength of cell wall increase.  
 
Lignin fractionation processes 
There are various types of lignin that have been discovered. Generally, lignin was 
classified into two groups. The first group is sulfur-containing lignin. Sulfur-containing 
lignin was obtained from the sulfite pulping process and kraft process. The sulfite pulping 
process employed metal sulfite and sulfur dioxide, while the craft process was conducted 
under strongly alkaline conditions by using sodium sulfite to destroy the bonds of wood 
and attain the high-quality pulp (Lora and Glasser, 2002). The products that belong to the 
first group are known as kraft lignin, lignosulphonates, and soda lignin. All of these lignin 
types are available in abundance. The second group is sulfur-free lignin (Ruiz et al., 2011). 
Sulfur-free lignin was obtained from lignocellulosic biomass refineries such as 
organosolv, hydrolysis, and ionic liquid-assisted pretreatment. The product of sulfur free-
lignin is limited even though might be developed into industrial-scale manufacturer 

















Figure 4.1 The molecule of lignin is formed by the union of monolignols; (A) p-coumaryl, 









The various method of extraction of biomass that used to obtain lignin affects the 
physicochemical of lignin. Physicochemical of lignin plays an essential role in 
determining where lignin can be utilized in the manufacture of the various product (Lora 
and Glasser, 2002). Information about the molecular weight of lignin can not be 
determined precisely, due to lignin has high-crosslinked with widely varying 
functionality. Molecular weight data can be used as a guide in the exploring of lignin 
utilization. However, the other parameters are urgent to be known to exploit lignin 
utilization optimally as shown in Table 4.1. Table 4.1 gives the functional groups and 
molecular weight data of some lignin. 
Another critical parameter is the glass transition temperature, Tg. Not only to 
provide crystallinity index and degree of crosslinking, but Tg also indicates the rubbery 
region of the material (Gargulak and Lebo, 1999). Table 4.2 shows Tg of some lignin. 
The Tg value depends on the amount of water and the polysaccharide, as well as the 
molecular weight and chemical functionalization. Recently, the degree of polymerization 
of lignin influences the variety of lignin structural when Tg increases with increasing 


















































Soda (bagasse) 2160 13.6 5.1 10.0 
Organosolv (bagasse) 2000 7.7 3.4 15.1 
Soda (wheat straw) 1700 7.2 2.6 16 
Organosolv (hardwood) 800 3.6 3.7 19 
Kraft (softwoot) 3000 4.1 2.6 14 
Types of lignin Tg (ºC) 
Milled wood lignin  
Hardwood 110-130 
Softwood 138-160 
Kraft lignin 124-174 
Organosolv lignin 91-97 
Steam explosion lignin 113-19 
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4.1.2 Utilization of lignin 
The target of the most biorefinery processes is the utilization of convertible 
fraction of cellulose and hemicellulose. The potential of lignin in the biorefinery process 
is still relatively under-exploited (Kleinert and Barth, 2008). In addition to lignocellulose 
refinery to produce ethanol, lignin as waste can be found in pulp and paper refineries. 
Currently, the utilization of lignin is limited as a boiler fuel which is used to provide heat 
and power for the refinery process (Kleinert and Barth, 2008). However, lignin actually 
holds the hidden potential. The hidden potential of lignin can be noticed from the 
chemical structure itself. If the chemical structure of lignin can be broken down into 
smaller molecular units, then lignin becomes a valuable chemical ingredient (Kamm and 
Kamm, 2004).  
 
4.1.3 Lignin nanoparticle 
A perusal of the literature shows a wide range of lignin application (Beisl et al., 
2017). Lignin has many unique properties. Those properties are the resistance of decay 
and biological attack, the ultraviolet (UV) absorption, the high stiffness, and the ability 
to inhibit oxidation reactions. Thus, lignin promotes to produce a high-value product as 
much as lignin feedstock availability (Doherty et al., 2011; Laurichesse and Avérous, 
2014). From the point of view of material applications, the combination of nanoparticles 
in polymers material can enhance their values. Furthermore, the blending of polymers 
will produce new types of polymers with the designed properties (Beisl et al., 2017). An 
overview of the application of polymer blends, the applied production method, and the 











Table 4.3 An overview of the application of polymer blends, the applied production method, and the properties adapted from Beisl et al., 2017 
Investigated in Neat polymer Production method Application Field and Neat Properties 
Investigation Properties by 
Addition of Lignin Nanoparticles 
(lnps) 
(W. Yang et al., 





• Solvent casting 
• Widely used as a packaging material 
• Poor thermal and mechanical properties; poor 
ultraviolet (UV) barrier properties (Auras et al., 
2004) 
• UV-transmittance 
• Antibacterial activity 
• Mechanical properties 
• Thermal properties 
(Weijun Yang et 
al., 2015) 
Wheat gluten (WG) 
• Solvent casting as described 
by Kayseriligou et al. 
(Kayserilioǧlu et al., 2003) 
• Addition of aqueous LNP 
suspension to the casting 
solution 
• Can be easily processed into films; effective 
barrier properties against carbon dioxide, oxygen 
and aroma components, rapidly biodegradable 
(Duval et al., 2013; Mojumdar et al., 2011; 
Nathalie et al., 2018; Tunc et al., 2007) 
• Poor mechanical properties; strong water 
absorption in humid environment 
• UV-transmittance 
• Mechanical properties 
• Thermal properties 
• Water sensitivity 
(Del Saz-Orozco et 
al., 2012) 
Phenolic foams 
• Mixing dry lignin particles 
with resol resin 
• Mixing of resol resin, 
surfactant, catalyst, hardener 
and blowing agent 
• Low thermal conductivity; exceptional fire-
resistant properties; high thermal stability; low 
cost 
• Relatively low mechanical performance; extreme 
friability compared to other polymeric foams 
(Shen et al., 2003; Shen and Nutt, 2003) 
• Mechanical properties 




• Solvent casting 
• Separate solving of CTA and 
LNPs in methylene chloride 
• Membrane production  
• Low mechanical strength; poor resistance to 
oxidation (Nathalie et al., 2018) 
• Mechanical properties 






• Widely used as a packaging material 
• Poor thermal and mechanical properties; poor UV 
barrier properties (Auras et al., 2004) 
• UV-transmittance 
• UV-weathering stability 
• Mechanical properties 
• Thermal properties 
(S. et al., 2014; 
Yang et al., 2016b) 
Poly vinyl alcohol 
(PVA)/chitosan 
(CH) 
• Solvent casting 
• Widely used in food packaging, biomedical, 
household, and construction sector 
• Good solvent resistance, mechanical performance 
und biocompatibility (Kubo and Kadla, 2003; Liu 
et al., 2014) 
• High moisture absorption; low biodegradation 
rate 
• UV-transmittance 
• Thermal properties 
• Mechanical properties 
• Migration 
• Antioxidant activity 
• Antibacterial activity 





• Good tensile behavior, outstanding elastic 
recovery and thermal stability  
• Thermal properties 








Pretreatment is an important process in a biomass refinery into ethanol. IL-
assisted pretreatment is the most effective in improving cellulosic access, as a result of 
the loss of lignin from biomass structures. Thus, it can be stated that IL-assisted 
pretreatment for lignocellulosic biomass can be used to extract lignin indirectly. Lignin 
is very difficult to decompose compared to other polymers. This is due to lignin 
macromolecules was composed of complex structures and multiple links (Samayam and 
Schall, 2010). Unfortunately, during a most pretreatment process, lignin ends up as a 
residue with non-hydrolyzed sugar polymers, minerals, and process chemicals (De Wild 
et al., 2012). 
Currently, the researcher's interest increases on the lignin left as waste, but in fact, 
it has hidden potential. A variety of pretreatment and separation methods as well as plant 
species determine the complexity and complex structure of lignin. This chapter presents 
the fractionation of enzymatic lignin residues with organic solvent and nanofabrication 
of lignin oligomer method to obtain lignin nanoparticles. The synthesized of lignin 
nanoparticles are analyzed dimensionally and morphologically. To accomplish the 
proposed of this study, two types of enzymatic lignin residue (IL-assisted pretreatment 
and diluted sulfuric acid-assisted pretreatment) were used. Furthermore, the synthesized 
of lignin nanoparticles were analyzed by scanning electron microscope (SEM), laser 
diffraction particle size analysis, GPC-chromatography, and P31-NMR-spectroscopy. The 

































































































































































































































































































































































































































































4.2 Materials and Methods 
Bagasse powder (approximately 3 mm) was purchased from the Toyota Motor 
Corporation (Miyoshi, Japan), as lignocellulosic biomass material. It was ground by using 
a mill and sieved to acquire a powder of 250-500 µm.  
Choline acetate (ChOAc) was prepared by one-pot neutralization method with 
minor modifications (Yu et al., 2008). An equimolar amount of acetic acid was added 
dropwise to a choline hydroxide solution (45 wt%) in methanol (Sigma-Aldrich) with 
cooling. The mixture was then stirred at room temperature for 6 h. Water and methanol 
were removed in vacuo using a rotary evaporator at 40 ºC for 1 h and then 90 ºC for 2 h, 
respectively. The resultant residue was dried under a vacuum at room temperature for 16 
h. The water content for ChOAc was measured below 0.5 wt% by Karl-Fischer titration 
(AQ-2200, Hiranuma Sangyo Co., Ltd, Mito, Japan).  
The cellulase Cellic® CTec2 consists a complex blend of hemicellulose, cellulase, 
and β-glucosidase (batch number VCNI 0008, 106 filter paper units (FPU) per milliliter), 
was purchased from Novozymes Japan Ltd (Chiba, Japan). The determination of FPU of 
the cellulase was analyzed by NREL method (Adney and Nrel, 2008). The rest of other 
chemicals were from commercial sources and of reagent grade.  
 
4.2.1 Preparation of enzymatic lignin using minimum amount of biocompatible IL 
Preparation of enzymatic lignin from bagasse pretreatment by using IL was 
conducted as described previously with minor modification (Ninomiya et al., 2013). 
Briefly, 10 g of bagasse powder was mixed with ChOAc solution consisted of 10 g of 
ChOAc and 10 g of dimethyl sulfoxide (DMSO as cosolvent) in a glass beaker (see 
Figure 4.3). The resulting of bagasse/ChOAc/DMSO slurry (1:1:1) was heated in a dry 
oven at 110 °C for 16 h. After heating for 16 h, the bagasse/ChOAc/DMSO mixture was 
suspended with 200 mL of distilled water containing 50 FPU/(g.of dry bagasse) of CTec2 
in a centrifugation bottle. The bottle was incubated at 50 °C on a rotary shaker at 130 rpm. 
After incubation at 72 h, the reaction mixture was centrifuged at 13000xg for 30 min at 4 
ºC, and the supernatant was discarded. To obtain enzymatic lignin as precipate, another 
100 mL of distilled water was added to the semi-wet of recovered enzymatic lignin and 
was then centrifuged at 13000xg, 30 min, 4 ºC. Washing with distilled water was 
conducted three times. The recovered enzymatic lignin was dried in an oven at 90 °C for 
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24 h and ground into a powder using a mill. For the ball mill, 30 special containers of 80 
ml capacity and 30 zirconia balls of 10 mm diameter were used. The operation conditions 
were 12 cycles of 450 rpm pulverization for 10 min and interval 10 min 34 times).  
 
4.2.2 Preparation of enzymatic lignin using diluted sulfuric acid 
Preparation of enzymatic lignin from bagasse pretreatment by using diluted 
sulfuric acid was conducted as described previously with minor modification (Li et al., 
2010). Specifically, 4 g of biomass powder were presoaked in a 100 mL pressure-proof 
autoclave reactor (RDV-100, SAN-AI Kagaku Co. Ltd., Nagoya, Japan) at room 
temperature in 2% (w/w) sulfuric acid at 3 % (w/w) total solid loading in for 24 h. The 
autoclave reactor was heated in a rotary oven (RDV-TM2, SAN-AI Kagaku Co. Ltd.) to 
180 °C at 40 rpm for 60 min (see Figure 4.3). After heating for 60 min, 200 mL of pure 
water was added into biomass/ diluted sulfuric acid mixture and was then centrifuged at 
10000xg for 10 min at 25 °C, and the supernatant was removed to obtain the diluted 
sulfuric acid-pretreated biomass as a precipitate. The acidic slurry was filtered through 
Teflon filter paper (Filter type: 10.0 μm, MILLIPORE) with vacuum filtration. The 
recovered biomass was washed with distilled water until the pH of the washed water 
reached 5. The recovered biomass was dried in an oven at 90 °C for 24 h and ground into 
a powder using a mill.  
For the preparation of enzymatic lignin, the pretreated bagasse was suspended 
with 200 mL of distilled water containing 50 FPU/(g.of dry bagasse) of CTec2 in a 
centrifugation bottle. The bottle was incubated at 50 °C on a rotary shaker at 130 rpm. 
After incubation at 72 h, the reaction mixture was centrifuged at 13000xg for 30 min at 4 
ºC, and the supernatant was discarded. To obtain enzymatic lignin as precipate, another 
100 mL of distilled water was added to the semi-wet of recovered enzymatic lignin and 
was then centrifuged at 13000xg, 30 min, 4 ºC. Washing with distilled water was 
conducted three times. The recovered enzymatic lignin was dried in an oven at 90 °C for 
24 h and ground into a powder using a mill. For the ball mill, 30 special containers of 80 
ml capacity and 30 zirconia balls of 10 mm diameter were used. The operation conditions 
were 12 cycles of 450 rpm pulverization for 10 min and interval 10 min 34 times).  
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4.2.3 Preparation of lignin oligomer 
For the preparation of lignin oligomer, 1 g of enzymatic lignin was mixed with 30 
mL of methanol/acetone ratio of 1 (v/v) in a 100 mL beaker. The mixture was stirred at 
room temperature for 24 h and was then centrifuged at 20000xg for 30 min at 4 ºC. The 
recovered liquid was transferred to a recovery flask and was then evaporated by rotary 
evaporation at 30 °C for 1 h. The organic phase was recovered after evaporation, dried 
and solidified to obtain lignin oligomer (see Figure 4.4). 
 
4.2.4 Analysis 
4.2.4.1 Compositional Analysis 
Compositional analysis of the untreated bagasse and pretreated bagasse recovered 
were undertaken according to the NREL method (Sluiter et al., 2012). Briefly, 0.3 g of 
bagasse powder was mixed with 3 mL of a 72% (w/w) H2SO4 aqueous solution at room 
temperature for 1 h. The mixture was then transferred to a 200-mL Erlenmeyer flask, 
diluted with 84 mL of water, and autoclaved at 121 ºC for 1 h. The dilute-acid hydrolysate 
was then filtered, following which the amount of acid-insoluble lignin was determined by 
gravimetrically measuring the residue on the filter after drying at 100 ºC for overnight. 
The amount of acid-soluble lignin was determined by UV absorbance of the filtrate at 240 
nm and the absorption coefficient of 110 L g−1 cm−1. The sum of both acid-insoluble and 
acid-soluble lignin was regarded as lignin. 
 
4.2.4.2 Lignin yield of enzymatic lignin 
The biomass after the pretreatment was transferred to a 250 mL capacity 
centrifuge tube and the weight of the empty centrifuge tube was weighed before the 
enzymatic saccharification was started. The weight of the glycated residue was weighed 
by weighing the centrifuge tube containing the glycated residue after enzymatic 
saccharification, washing, and drying and subtracting the weight of the empty centrifuge 
tube. The lignin yield in the glycated residue was calculated from the following formula. 
𝐿𝑖𝑔𝑛𝑖𝑛 𝑦𝑖𝑒𝑙𝑑 [%] = 100𝑥
(𝑊𝑅𝑥𝐶𝑅𝐿)
(𝑊𝐵𝑥𝐶𝐵𝐿)
       (4.1) 
where, 
WR : weight of enzymatic lignin [g] 
CRL : lignin composition in enzymatic lignin [-] 
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WB : weight of untreated bagasse [g] 
CBL : lignin composition in untreated bagasse [-] 
 
Lignin yield of lignin oligomer 
Before transferring the liquid component after extracting the organic solvent to 
the recovery flask, the weight of the empty eggplant flask was weighed. After evaporating, 
weighing the eggplant flask containing the lignin oligomer was weighed, and the weight 
of the lignin oligomer was determined by subtracting the weight of the eggplant flask. 
The lignin yield in the lignin oligomer was calculated from the following formula (4.2). 






      (4.2) 
where, 
WLO : lignin oligomer yield [g] 
WRE : weight of enzymatic lignin used for extraction work [g] 
WR : weight of enzymatic lignin[g] 
CRL : lignin composition in enzymatic lignin [-] 
WB : weight of untreated bagasse [g] 
CBL : lignin composition in untreated bagasse [-] 
 
4.2.4.3 Hydroxyl group (OH) content  
To analyze the hydroxyl group content of lignin oligomer, nuclear magnetic 
resonance apparatus (NMR) measurement was carried out. 
 
Preparation of solution 
For preparation of mixed solvent, 3.2 mL of anhydrous pyridine was mixed with 
2.0 mL of deuterated chloroform in a vial bottle. On the other hand, in a 1 mL volumetric 
flask, 15 mg of N-hydroxy-5-norbornene-2,3-dicarboximide 1, the phosphorylating 
reagent which contained 2-Chloro-4,4,5,5-tetramethyl-1,3,2-dioxaphospholane 10 mg of 
cyclohexanol, 20 mg of N-hydroxy-1,8-naphthalimide when it was 2-Chloro-1,3,2-
dioxaphospholane, 5.0 mg of chromium (III) acetylacetonate. The anhydrous 
pyridine/deuterated chloroform mixed solvent was dropped slowly to adjust 1 mL line of 




To dissolve lignin oligomer, 20 to 30 mg-dry weigh of lignin oligomer was mixed 
with 500 mL of an anhydrous pyridine/deuterated chloroform mixed solvent. After 
dissolution, 150 μL of 2-Chloro-4,4,5,5-tetramethyl-1,3,2-dioxaphospholane (PR-I) or 2-
Chloro-1,3,2-dioxaphospholane (PR-II, 100 μL of N-hydroxy-5-norbornene-2,3-
dicarboximide (IS-I) solution, 100 μL of cyclohexanol (IS-II solution or N-hydroxy-1,8-
naphthalimide (IS-III solution 100 μL was added and reacted for 15 min. In 1 mL of 
measuring flask, 100 μL of chromium (III) acetylacetonate was mixed with an anhydrous 
pyridine/deuterated chloroform mixed solvent. The measuring flask and sample was 
covered and was then set up in an NMR tube, for 31P-NMR measurement. 
From the integrated value of the obtained NMR spectrum, the amount of hydroxyl group 





         ` (4.3) 
 
C : amount of hydroxyl group (mmol/g) contained in 1 g of sample 
OH : number of OH of functional group 
I : integral value point 
A : sample 
B : integral standard point 
 
Reference of integral point  
2-Chloro-4,4,5,5-tetramethyl-1,3,2-dioxaphospholane (PR-I) 
Aliphatic OH   150.0-145.4 (ppm) 
Phenols   144.0-137.6 (ppm) 
Carboxylic acid OH 136.0-133.6 (ppm) 
2-Chloro-1,3,2-dioxaphospholane (PR-II) 
Aliphatic OH  136.8-132.1 (ppm) 
Phenols  132.1-127.8 (ppm) 




4.2.4.4 Molecular weight  
To analyze the average of molecular weight, gel permeation chromatography 
(GPC) was performed. For GPC analysis, 10 mg of sample was mixed with 1 mL of N, 
N-dimethylformamide (DMF) at room temperature for 1 h. The mixture was then filtered, 
and the DMF-soluble lignin fraction was used for analysis. The average molecular weight 
(Mw) of the lignin sample was determined by GPC equipped with a reflective index 
detector (Shimadzu Co., Kyoto, Japan), using a TSK gel α–M column (Tosoh Corporation, 
Tokyo, Japan). The operating conditions were as follows: 40 °C with a mobile phase of 
DMF containing 10 mM lithium bromide at a flow rate of 1.0 mL/min. For the calibration, 
monodispersed polystyrene of known molecular weight was used as the standard. 
 
Preparation of lignin nanoparticles 
Lignin nanoparticles were prepared by immersed lignin oligomer into the organic 
solvent.  Concretely, 1 mL of methanol and acetone were added to 0.01 g of lignin 
oligomer subjected to ionic liquid pretreatment and diluted sulfuric acid-assisted 
pretreatment, respectively, and vortexing was carried out to dissolve the lignin oligomer. 
Furthermore, 9 mL of pure water was added and stirred for 10 minutes to prepare a lignin 
nanoparticle dispersion. For comparison, 10 mL of pure water was added to 0.01 g of 
lignin oligomer to prepare a lignin oligomer dispersion without adding organic solvent 
(see Figure 4.5). 
 
4.2.4.5 Analysis of lignin nanoparticles 
Evaluation of morphology by field emission scanning electron microscope (SEM) 
A few drops of the 20-fold diluted lignin nanoparticle dispersion and the lignin 
oligomer dispersion were poured onto a glossy aluminum foil (5mm x 5mm) and dried 
overnight at room temperature. The surface of the sample was processed with metal using 
an ion sputtering apparatus, and the evaluation of morphology was carried out by using 
scanning electron microscope (SEM). 
 
Measurement of particle size distribution by particle size distribution measuring device 
Measurements are made by placing the particles to be measured placed in media 
having different refractive indexes of the particles. The result is the scattered light of the 
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particle when it is irradiated with a laser beam. Particle diameter (particle size 
distribution) is measured by detecting spatial changes (light intensity distribution 
patterns) of light intensity. Scattered light scattering angles have an important role in the 
distribution of light intensity. 
To prepare the measured sample, 1 mL each of the lignin nanoparticle dispersion 
liquid and the lignin oligomer dispersion diluted 20 times. The diluted 20 times to make 
20 mL of the dispersion and to have a concentration of about 50 ppm (c.a. 50 mg/L or 
0.05 mg/L). Furthermore, the measurement was conducted by the laser diffraction type 















































































































































































































































































































































































































































































































































































































































































































































































































































































































































































4.3  Results and Discussion 
4.3.1 The composition of lignin 
4.3.1.1 Enzymatic lignin 
Figure 4.6 shows the composition of untreated bagasse and enzymatic lignin 
obtained after pretreatment, IL-assisted pretreatment, and diluted sulfuric acid-assisted 
pretreatment, respectively. The untreated bagasse contained approximately 38% cellulose, 
21% hemicellulose, 29% lignin, and 12% another component. Compared to the untreated 
bagasse, both of the composition of IL-assisted pretreatment and diluted sulfuric acid-
assisted pretreatment shows higher lignin content, 60.8% and 62.2%, respectively.  
4.3.1.2 Lignin oligomer 
Figure 4.6 shows the composition lignin of lignin oligomer exceeded 80%, 
irrespective of IL-assisted pretreatment and diluted sulfuric acid-assisted pretreatment 
(see Figure 4.4). IL-assisted pretreatment removes more lignin and less hemicellulose 
than diluted sulfuric acid-assisted pretreatment, producing recovered material with lower 
levels of residual lignin (85.5% versus 86.6 %, respectively) and higher levels of residual 
hemicellulose (2.95% vs. 0.00%, respectively). These results are consistent with the 
results reported by (Li et al., 2010), pointed out that under more diluted sulfuric acid-
assisted pretreatment break down cellulose pretreatment than amorphous IL-assisted. 
Generally, there was almost no significant difference in the composition along 
pretreatment, irrespective of the case Il-assisted pretreatment and diluted sulfuric acid-
assisted pretreatment, although the values were fractionated.  
 
4.3.2 The yield of lignin analysis 
4.3.2.1 Enzymatic lignin 
Figure 4.6 shows the lignin yield of untreated bagasse and enzymatic lignin 
obtained after pretreatment, IL-assisted pretreatment, and diluted sulfuric acid-assisted 
pretreatment. The lignin yield of IL-assisted pretreatment was lower than diluted sulfuric 
acid-assisted pretreatment, 65.1% versus 76.8 %, respectively.  
4.3.2.2 Lignin oligomer 
Figure 4.6 shows the lignin yield of lignin oligomer of IL-assisted pretreatment 
and diluted sulfuric acid-assisted pretreatment. The lignin yield of lignin oligomer of IL-
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assisted pretreatment was higher than diluted sulfuric acid-assisted pretreatment, 20.8% 
versus 14.5 %, respectively.  
In the yield of enzymatic lignin, the results show that diluted sulfuric acid-assisted 
pretreatment was higher than IL-assisted. Unlike in the yield of lignin oligomer case, 
diluted sulfuric acid-assisted pretreatment was lower than IL-assisted. One possible 
reason is the condition of diluted sulfuric acid-assisted pretreatment affected the 
amorphous cellulose. However diluted sulfuric acid-assisted pretreatment unable to 
disrupt the inter- and intra-chain hydrogen network in cellulose fibrils. In the case of IL-
assisted pretreatment, the presence of cosolvent DMSO can contribute the lignin leakage 





















































































































































































































































































4.3.3 The hydroxyl group (OH) content of lignin 
Figure 4.7 shows the hydroxyl group (OH) content and the average of molecular 
weight in the lignin oligomer fractionated with methanol/acetone ratio of 1 (v/v). The 
hydroxyl group (OH) of IL-pretreated of lignin oligomer was higher than diluted sulfuric 
acid-assisted pretreatment, 5.89 mmol/g versus 4.97 mmol/g, respectively. Furthermore, 
the amount of phenolic hydroxyl group of IL-pretreated of lignin oligomer was higher 
than diluted sulfuric acid-assisted pretreatment, 1.60 mmol/g versus 1.62 mmol/g, 
respectively. The average of molecular weight of IL-pretreated of lignin oligomer was 
lower than diluted sulfuric acid-assisted pretreatment, 8.88×103 versus 10.5×103, 
respectively.  
The lowered the hydroxyl group (OH) of lignin oligomer for diluted sulfuric acid-
assisted pretreatment may be attributed to the changes in lignin structure generated during 
the diluted sulfuric acid-assisted pretreatment step, which would condensate and denature 
polymerization of lignin. The higher the average of molecular weight for diluted sulfuric 
acid-assisted pretreatment indicated that the lignin was much more fragmented during the 
diluted sulfuric acid-assisted pretreatment, compared to the IL-assisted pretreatment. 
Therefore, the results suggested that the yield of lignin oligomer fractionated with 



























































































































































































































































































































4.3.4 Comparison of nanoparticles particle between IL pretreatment/enzymatic 
lignin and diluted sulfuric acid pretreatment/enzymatic lignin 
4.3.4.1 Morphology appearance 
Figure 4.8 shows the lignin oligomer dispersion by photo and SEM results. The 
lignin particles of about ten μm were observed in both IL-assisted pretreatment and 
diluted sulfuric acid-assisted pretreatment. On the other hand, in the lignin nanoparticles 
subjected to nanoparticle formation, particles of about 200μm were observed in both 
pretreatment methods. The observation of the lignin nanoparticle dispersion in both the 
IL-assisted pretreatment and the diluted sulfuric acid-assisted pretreatment revealed that 
particles of about 200nm were observed. The results confirmed that the particles were 
converted to nanoparticles. However, the surface of the lignin nanoparticles in the IL-
assisted pretreatment appears to be rough, probably due to the metal deposited during the 
ion sputtering process in the preparing SEM measurement. 
4.3.4.2 Particle size distribution 
Figure 4.9 and Figure 4.10 shows the particle size distribution. In the lignin 
oligomer dispersion, particles of average 58.1μm in the IL-assisted pretreatment and 
36.7μm in average in diluted sulfuric acid-assisted pretreatment were observed. On the 
other hand, in the lignin nanoparticle dispersion, particles of 186μm on average for IL-
assisted pretreatment and 373μm on average on diluted sulfuric acid-assisted pretreatment 
were observed. The results confirmed that nanoparticles were formed by organic solvent 
fractionation in both IL-assisted pretreatment and diluted sulfuric acid-assisted 
pretreatment. Moreover, the average particle size of the lignin nanoparticle dispersion 
liquid of IL-assisted pretreatment was smaller than diluted sulfuric acid-assisted 
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Ligninoligomer
Lignin nanoparticle
Figure 4.9 The average particle size of the lignin nanoparticle dispersion 
liquid of IL-assisted pretreatment. 
Figure 4.10 The average particle size of the lignin nanoparticle dispersion 




It is concluded that nanoparticles were formed by organic solvent fractionation in 
both IL-assisted pretreatment and diluted sulfuric acid-assisted pretreatment. The 
summaries of the impact are as follows. There was almost no significant difference in the 
composition of enzymatic lignin along with pretreatment, irrespective of the case Il-
assisted pretreatment and diluted sulfuric acid-assisted pretreatment, although the values 
were fractionated. In the yield of enzymatic lignin, the results show that diluted sulfuric 
acid-assisted pretreatment was higher than IL-assisted. Unlike in the yield of lignin 
oligomer case, diluted sulfuric acid-assisted pretreatment was lower than IL-assisted. One 
possible reason is the condition of diluted sulfuric acid-assisted pretreatment affected the 
amorphous of cellulose. The hydroxyl group (OH) of IL-pretreated of lignin oligomer 
was higher than diluted sulfuric acid-assisted pretreatment, 5.89 mmol/g versus 4.97 
mmol/g, respectively. The average of molecular weight of IL-pretreated of lignin 
oligomer was lower than diluted sulfuric acid-assisted pretreatment, 8.88×103 versus 
10.5×103, respectively. The observation of the lignin nanoparticle dispersion in both the 
IL-assisted pretreatment and the diluted sulfuric acid-assisted pretreatment revealed that 
particles of about 200nm were observed. The average particle size of the lignin 
nanoparticle dispersion liquid of IL-assisted pretreatment was smaller than diluted 
sulfuric acid-assisted pretreatment, 186μm versus 373μm, respectively. Thus, with the 
fractionation of enzymatic lignin with organic solvent and nanofabrication of lignin 
oligomer method to obtain lignin nanoparticles, it is considered that effective and 
industrial production of value-added products can be achieved from the residual lignin 
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The following conclusions are the primary result of each chapter based on the 
experiments and analysis conducted in this research. 
 
Chapter 1 – Biomass pretreatment using minimum sufficient amount of biocompatible 
ionic liquid 
• IL/biomass ratio of 1.5 was minimum and sufficient for subsequent 
saccharification and fermentation. 
• At low loading saccharification assay (10 g/L), the cellulose and hemicellulose 
saccharification percentages were 95% and 93%, respectively. 
 
Chapter 2 – Recovery and reuse of ionic liquid for biomass pretreatment using minimum 
sufficient amount of biocompatible ionic liquid 
• A recovery 83% of ChOAc was rate-limiting for next cycles during repeated 
cycles. 
• Cellulose and hemicellulose saccharification percentages were about 83% and 
70% for pretreated bagasse obtained after 2nd-6th cycles of pretreatment, which 
corresponded to glucose and xylose concentrations of 48 g/L and 16 g/L, 
respectively. 
 
Chapter 3 – Saccharification and ethanol fermentation from biomass pretreated using  
minimum sufficient amount of biocompatible ionic liquid 
• At high loading saccharification assay (100 g/L), glucose and xylose 
concentrations were 56 g/L and 14 g/L after 72 h, which corresponds to cellulose 
and hemicellulose saccharification of 95% and 65%, respectively.  
• In the subsequent co-fermentation, the initial glucose and xylose concentrations 
were 27 g/L and 7 g/ L, respectively. 
• The sugars were consumed at 24 h reaction time. 
• The ethanol concentration was 15 g/L.  
• The ethanol yield was 85% of the theoretical sugar-based ethanol yield.  
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Chapter 4 – Nanoparticle fabrication from biorefinery lignin obtained after biomass 
pretreatment using minimum sufficient amount of biocompatible ionic liquid 
• The yield of enzymatic lignin, the results show that diluted sulfuric acid-assisted 
pretreatment was higher than IL-assisted pretreatment. Unlike in the yield of 
lignin oligomer case, diluted sulfuric acid-assisted pretreatment was lower than 
IL-assisted pretreatment.  
• The hydroxyl group (OH) of IL-assisted pretreatment of lignin oligomer was 
higher than diluted sulfuric acid-assisted pretreatment, 5.89 mmol/g versus 4.97 
mmol/g, respectively.  
• The average of molecular weight of IL-assisted pretreatment of lignin oligomer 
was lower than diluted sulfuric acid-assisted pretreatment, 8.88×103 versus 
10.5×103, respectively. 
• The average size of lignin nanoparticle by IL-assisted pretreatment and diluted 
sulfuric acid-assisted pretreatment were 186 nm and 373 nm, respectively. 
 
Future Prospects 
The following prospects were suggested for further investigation based on the 
reducing of the capital cost of IL-assisted pretreatment due to the capital cost of the IL 
itself. 
 
Chapter 1 – Biomass pretreatment using minimum sufficient amount of biocompatible 
ionic liquid 
The high cost of IL has restricted the adoption of IL-assisted pretreatment. To 
reduce the cost of IL-assisted pretreatment, some suggest paths were required, such as 
developing new types of IL-based alternative lower cost materials, reducing the dose of 
IL-used, and to recovery and reuse of IL.  
 
Chapter 2 – Recovery and reuse of ionic liquid for biomass pretreatment using minimum 
sufficient amount of biocompatible ionic liquid 
Recovery and reuse of IL also represent an efficient strategy to reduce the cost of 
IL-assisted pretreatment. In order to enhance the recovery percentage of IL, further 
washing method of pretreated bagasse was needed to recover ChOAc.   
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